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ABSTRACT
North of Martinique island the Lesser Antilles volcanic arc bifurcates, creating a double
arc. Here volcanic activity has migrated up to 50 km westward with time, resulting in two
volcanic lines which are distinct in age. The eastern line, commonly referred to as the old arc,
was active from Early Eocene to Mid-Miocene (Nagle, 1971; Nagle et al., 1976; Westercamp
and Tazieff, 1980; Andreieff et al., 1988). The western line, commonly referred to as the recent
arc, has been active since the late Pliocene, ~6 Ma ago (Nagle, 1971; Nagle et al., 1976;
Westercamp and Tazieff, 1980; Andreieff et al., 1988). Martinique itself acts as an intersection
of the two lines. Volcanic activity on the island has been continuous since the onset of the old
arc. This has resulted in the formation of an intermediate arc, defined by a period of volcanic
activity from ~ 20– 6 Ma (Westercamp et al., 1989). The present study investigates variation in
boron concentration across the two volcanic lines in the northern Lesser Antilles, as well as
within Martinique. Boron separation was achieved through a Na2CO3 flux fusion procedure
adapted from Ryan and Langmuir (1993). Solutions were then analyzed on an ICP-OES with
coupled ESI SC-FAST autosampler. In addition to boron, trace element and major element data
were also collected. In total, data on forty-two samples are presented. Fifteen samples are from
islands in the old arc. Twenty-one samples are from islands in the recent arc, and six samples
from the intermediate arc portion of Martinique. Major observations include: (a) Only subtle
differences exist in the trace element, major element, and B content between the old arc and the
recent arc; (b) the intermediate arc is chemically distinct from the old and recent arc; (c) B and
Ba are decoupled from each other throughout all three building stages of the arc.
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CHAPTER 1:
INTRODUCTION
The subduction of an oceanic plate at a convergent plate boundary allows for an
interaction between crustal material and the mantle. This interaction ultimately leads to
magmatism and the generation of new crust. An essential part of this process is the formation of
volcanic island arc systems, which result from the subduction of an oceanic plate beneath
another oceanic plate. As highlighted in the Lesser Antilles, the subducting oceanic crust is
covered in a veneer of marine sediment primarily acquired from continental crust. The ways in
which these marine sediments contribute to magma generation in arc systems has historically
been a point of interest for geochemists. If these sediments are recycled through the subduction
zone, this provides a mechanism by which continental material may be reclaimed to create new
crust.
Coats (1962), Tatsumoto and Knight (1969), and Armstrong (1971) first recognized that
subducted sediment may influence the composition of island arc magmas. Armstrong (1971)
theorized that during subduction sea-floor sediments may accompany the subducting plate into
the mantle. Following this, a portion of the subducted sediments may then be recycled into the
crust of the resultant volcanic arc via magmatism. Sediment not associated with magmatism may
be recycled into the mantle, contributing to mantle heterogeneity (White, 1985; Plank and
Langmuir, 1993). During their lifetime, marine sediments and the underlying oceanic crust react
with seawater and hydrothermal fluids, which alter their composition, further differentiating
them from the mantle in which they are subducted. These compositional distinctions are the basis
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on which the recycling hypothesis has been tested. Mantle reservoirs containing subducted
sediments or having interacted with supercritical fluids, sources from sediments, should share
compositional characteristics with said sediments (Ben Othman et al., 1989). These
characteristics are best expressed by alkali elements (K, Rb, Cs), alkaline earth elements (Sr,
Ba), rare earth elements (REE), and high field strength elements (Ti, Nb, Ta, Hf, Zr), U, and Th,
which are not completely devolatilized in the forearc region during shallow subduction. They can
then be subducted deeper in the mantle, allowing them to participate in magma genesis. These
signature sediment characteristics should then be reflected in the composition of resultant island
arc lavas. Evidence for sediment recycling via arc volcanism was initially observed from isotopic
tracers 207Pb and 10Be (Kay, 1978; White et al., 1985; Tera et al., 1986). Unlike lavas from other
tectonic settings, island arc lavas were found to contain 10Be (Tera et al., 1986). This is
significant in that 10Be is exclusively produced at the surface of the Earth by cosmic ray
interactions (Arnold, 1956; Yiou and Raisbeck, 1972). This suggests that surficial material (i.e.
subducted sediments) is present in arc magma sources. Pb isotope compositions of arc lavas
provide additional evidence for the presence of sediment in mantle reservoirs. As indicated by
Kay et al. (1978), Barreiro, (1983), and Woodhead and Fraser (1985), Pb isotope ratios of island
arcs are also similar to those of sediments. It is important to note that the isotopic composition of
both Pb and 10Be in arc lavas is also dependent on time and plate velocity, as isotope ratios can
change through radioactive decay.
More recent studies have focused on determining whether sediment contribution occurs
as a melt or as fluid expelled from dehydrated sediments (e.g., Leeman et al., 1994; Rosner et al.,
2003; Tonarini et al., 2007; Leeman et al., 2017). This task involves using elements readily
mobile in fluids to differentiate between magmatic and hydrothermal processes. These fluid-
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mobile elements are released from hydrated materials (sediments, altered oceanic crust, hydrated
mineral phases etc.) in the subducting slab. Regardless of the slab materials from which flux
component the fluid originates, it is compositionally distinct from the mantle and carries with it
chemical components derived from subducted material. One such fluid mobile element is boron.
It is one of three elements with low atomic weight found in geologic material. B is similar to
10

Be, in that it is strongly enriched in arc lavas relative to oceanic basalts (Morris et al., 1990).

Boron has proven to be an effective tracer of mass transfer in oceanic subducting settings, due to
its incompatible behavior during magmatic processes and mobility in aqueous fluids (Ryan and
Langmuir, 1993; Morris et al., 1990; Bebout et al., 1999). In addition to this, altered oceanic
crust (AOC), pelagic sediments and the mantle all possess distinct B isotopic compositions and
concentrations. As will be discussed, the concentration of B in the mantle is much lower than in
AOC and pelagic sediments. Therefore, the upper mantle is not expected to significantly
contribute to the B content or isotopic composition of island arc lavas. Past studies on island arc
systems have used B data in tandem with data on fluid-immobile elements, like Rare Earth
Elements (REE) or High Field Strength Elements (HFSE), to differentiate between hydrous fluid
and sediment melt contributions (Leeman et al., 1994; Rosner et al., 2003; Tonarini et al., 2007;
Leeman et al., 2017). In doing so they were able to make inferences on variation in sediment
input along the arc as well as magmatic processes.
The Lesser Antilles volcanic island arc system (Fig. 1-1) provides an optimal setting to
study possible sediment recycling, as the subducting plate is heavily coated in marine sediment.
Multiple sediment ridges transverse the subduction zone, and the resultant accretionary prism is
one of the most extensive in the world (Mann, 1999) (Fig. 1-2). North of Martinique island the
volcanic front has migrated westward with time, creating two temporally distinct volcanic lines
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(Fig. 1-2). The eastern portion of the bifurcation is older and therefore has been referred to as the
old arc, while the western portion has been referred to as the recent arc (Bouysse, 1990). This
study will continue to use these naming conventions for the eastern and western potions of the
bifurcation. Evidence for the recycling of sediments in the Lesser Antilles subduction zone has
previously recognized based on Pb-Nd-Sr isotopic signatures (Davidson, 1985; Davidson, 1986;
White and Dupré, 1986; Turner et al., 1996; DuFrane et al., 2009; Labanieh et al., 2012).
However, this work primarily focuses on the central and southern portion of the Lesser Antilles.
A lack of geochemical data exists concerning possible slab input for the northern portion of the
arc above Martinique; and as well, there has only been one study concerning the B composition
and content in Lesser Antilles lavas. That study, by Smith et al. (1997), sampled 14 lavas from
Martinique; however, the Lesser Antilles Island Arc (LAIA) is composed of approximately 20
islands, which exhibit geochemical variation based on latitude. Data concerning sediment input
from the northern LAIA could highlight compositional differences linked to age, while providing
a point of comparison for the southern, non-bifurcated, portion of the LAIA. Following this
rationale, the study detailed here aims to present B concentrations on a suite of erupted products
from the two volcanic lines in the northern LAIA, as well as Martinique. In doing so, the author
hopes to provide new insights into the geochemical cross-arc variation of the LAIA.
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CHAPTER 2:
BACKGROUND
2.1 Geologic Setting
The Lesser Antilles Island Arc (LAIA) is located on the eastern edge of the Caribbean
Sea (Fig. 1-1). It is approximately 800 km in length, extending from Anguilla and Saba in the
north to Grenada in the south (Fig. 1-2) (Macdonald et al., 2000). The Anegada Passage
separates the Greater Antilles from the Lesser Antilles (Fig. 1-2). The average crustal thickness
below the arc is about 30 km (Boynton et al., 1979). An interesting aspect of this arc is the
bifurcation, or double-arc, feature north of Martinique. In this portion of the arc, volcanic activity
has migrated up to 50 km westward with time leading to two volcanic lines that are distinct in
age. The eastern line has been referred to as the old arc, outer arc or Limestone Caribbees
(Nagle, 1971; Brown et al., 1977; Hawkesworth and Powell, 1980; Bouysse et al., 1990) (Fig. 12). This now extinct volcanic arc extends through Grenada, the Grenadines, St. Lucia,
Martinique, Marie Galante, Grande Terre (Guadeloupe), Antigua, St. Barthélemy, St. Martin,
and Anguilla. Volcanic activity in the old arc began during the Early Eocene and ended during
the Mid-Miocene (Nagle, 1971; Nagle et al., 1976; Westercamp and Tazieff, 1980; Andreieff et
al., 1988). The western line has been referred to as the recent arc, inner arc or Volcanic
Caribbees (Nagle, 1971; Brown et al., 1977; Hawkesworth and Powell, 1980; Bouysse et al.,
1990) (Fig. 1-2). The recent arc is separated from the old arc by a 250 km long corridor called
the Kalinago Depression. Adjacent to St. Eustatius, it has a bottom width of 20 km, which
decreases towards the south and terminates at Guadeloupe (Roobol and Smith, 2004). Activity in
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the recent arc began in the late Pliocene, ~6 Ma ago, and is still ongoing (Nagle, 1971; Nagle et
al., 1976; Westercamp and Tazieff, 1980; Andreieff et al., 1988). This arc segment is composed
of Grenada, the Grenadines, St. Vincent, St. Lucia, Martinique, Dominica, Basse Terre
(Guadeloupe), Monserrat, Redonda, Nevis, St. Kitts, St. Eustatius, and Saba. South of
Martinique, this migration is not present and volcanic activity from multiple building stages of
the arc has been superimposed. For the remainder of this paper, the north-eastern volcanic line
will be referred to as the old arc, and the north-western volcanic line will be referred to as the
recent arc. Martinique itself acts as an intersection of the two arcs. Here, magmatism has been
continuous for the past 25 Ma and migrated westward over 30 km. This has created an east to
west age progression across the island (Germa et al., 2011). A significant amount of geological
work has already been done on Martinique. It is the only island where volcanic rocks from an
intermediate arc crop out over an area large enough to be studied. The intermediate arc defines
the period of volcanic activity from ~ 20– 6 Ma (Westercamp et al., 1989). In Grenada and the
Grenadines archipelago, the oldest formations are located below Miocene to Plio-Pleistocene
sedimentary deposits. Miocene volcanic rocks indicative of the intermediate arc are common on
St. Lucia (Briden et al., 1979; Le Guen de Kerneizon et al., 1983; Germa et al., 2011). Early
studies interpreted Grenada as the hinge point in the LAIA, with the recent arc continuing to be
offset south of Martinique (Martin-Kaye, 1969; Arculus, 1976). Evidence for this comes from
gravity surveys from 1926 to 1937 which show positive anomaly belts, following the old arc
volcanic line. These belts originate in Grenada and do not superimpose on the recent arc volcanic
line. Because the positive anomaly belts follow the old arc so well in the northern portion of the
LAIA, they were interpreted as forming at the same time (Martin-Kaye, 1969).
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The westward subduction of the Atlantic Plate beneath the Caribbean plate is responsible
for the formation and subsequent growth of the LAIA (Nagle et al., 1976). The Caribbean plate
is thought to have originated in the Pacific. It may have been generated over the Galapagos
hotspot approximately 100-75 Ma, then migrated eastward from the Pacific into its current
location (Fig 2-1A, B, C) (Pindell and Barrett, 1990). The oldest rocks in the northern Lesser
Antilles outcrop on La Désirade island. Montgomery et al. (1994a) have identified Jurassic
radiolaria in cherts on the island. These are interpreted to have originated in a pre-Caribbean
Pacific Ocean setting (Montgomery et al., 1994a, b). The following tectonic history of the Lesser
Antilles has been summarized from Bouysse (1988) and Bouysse and Westercamp (1988). The
LAIA was originally part of the Mesozoic Caribbean Arc (MCA), which included the Aves
Swell and the Greater Antilles. Paleo-magnetic data suggest that the MCA was originally northsouth trending (Bouysse, 1988). Towards the end of the Cretaceous the MCA approached the
seaway between North and South America, causing the southern portion of the arc to
progressively collide with South America (Fig. 2-1C). This changed subduction conditions,
resulting in the separation of the Lesser Antilles substratum from the Aves Swell (Bouysse et al.,
1990). The northern portion of the MCA also collided with the Florida-Bahamas platform,
incorporating Cuba into the North American Plate (Fig. 2-1D). These events reorganized the
Caribbean Plate, forcing it to move in an eastward direction, while opening the Cayman Trough.
Due to the progressive collision with the Americas in the north and south, volcanic activity was
concentrated in the central portion of the MCA. The last plutonic intrusions in the Greater
Antilles, which appears to have been active during the Mesozoic, are dated at 46 to 38 Ma (Cox
et al., 1977). In Puerto Rico similar intrusions are dated at 36 Ma (Cox et al., 1977). By the start
of the Eocene volcanic activity was concentrated on the Lesser Antilles ridge, leading to the
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formation of the old arc. Volcanism continued until the mid-Oligocene and was followed by a 10
Myr hiatus (Fig. 2-1E, F) (Bouysse et al., 1990). Bouysse and Westercamp (1990) offer the
following hypothesis for the hiatus in activity and subsequent arc migration. They surmised that
the subduction of a buoyant ridge underplated the eastern edge of the arc and repressed
volcanism (Fig. 2-2). They further suggest that the subducted portion of the slab ahead of the
ridge broke off and as subduction progressed, melting, and hence volcanic activity, resumed
when the tip of the subducted slab reached the depth required to trigger dewatering of the slab
and its associated sediments (Fig. 2-2B, C). In the north the underplated ridge flattened the new
slab, further modifying the arc by offsetting it westward and creating bifurcation (Fig. 2-2D).
This obstruction was absent south of Martinique, resulting in relatively minor geographic
variation. Evidence supporting the subduction of a buoyant ridge was derived from seismic
refraction and reflection data (Westbrook and McCann, 1986). Gravity models of the area
between Barbuda and Antigua show a crustal duplicate of the frontal arc that is not present south
of Martinique. This is seen as evidence of the anomalous ridge. The double-arc feature present in
the Taiwan-Luzon volcanic arc has also been explained by the subduction of an extinct buoyant
spreading ridge (Yang et al., 1996). The Taiwan-Luzon Island Arc (TLIA), located on the eastern
edge of the South China Sea, is often compared to the LAIA, as both arc systems are bifurcated
(Fig. 2-3A). Here two volcanic chains, the Western Volcanic Chain (WVC) and the Eastern
Volcanic Chain (EVC), diverge just north of Luzon (of 18°N) and reconnect around 20°N
(Defant et al., 1990) (Fig. 2-3B). Magmatic activity in the WVC ended around 4-2 Ma, while
activity in the EVC is mostly confined to the Quaternary (Yang et al., 1996). The WVC was
originally the active volcanic front in the TLIA; however, activity halted for about 2-4 Ma, then
resumed eastward, forming the EVC (Yang et al., 1996).
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The LAIA subduction zone is differs from that of TLIA in that the age of the subducting
crust is variable. The age of the Atlantic crust subducting beneath the Caribbean ranges from 83
Ma in the northern part of the arc to 105 Ma in the southern part of the arc (Fig. 1-2). Speed and
Westbrook (1984) compiled a magnetic map of the Atlantic Ocean floor showing the welldefined Anomaly 34 displaced eastward farther south along the trench. Anomaly 34 marks the
termination of the “Cretaceous quiet zone” at 84 Ma (Lowrie and Alvarez, 1981). This
displacement indicates the crust being subducted in the southern part of the arc is older than its
counterpart in the north. The rate at which the Atlantic crust is being subducted beneath the
Lesser Antilles is approximately 2 cm/yr (Minster and Jordan, 1978). This rate is comparably
slower than other arcs systems; for example, that of Central America and Java is 7-9 cm/yr
(Wadge, 1984; Jarrard, 1986). At the Taiwan-Luzon arc, a similarly bifurcated arc system, the
rate of convergence between the subducting South China Sea plate and the Philippian plate is ~7
cm/yr (Yang et al., 1996). Under the South Sandwich arc in the southern Atlantic Ocean, the
South American plate is being subducted at approximately 5.4 cm/yr (Hawkesworth et al., 1977).
The slow convergence rate in the LAIA is associated with a relatively hotter slab, as it has more
time to warm up. In comparison to the Central American Arc, the LAIA is less vigorous per unit
length in terms of volcanic productivity (Wadge, 1984). The highest rates of productivity are
present in the central portion of the arc; this may be a function of the local angle of convergence
(Macdonald et al., 2000). Wadge (1984) estimated magma production over the past 300-, 10,000, and 100,000-year periods. Respectively, the rates were 4, 2, and 3 × 103 km-3 Ma-1, which
equates to 5, 3, and 4 × 103 km3 Ma-1 km-1 of arc. The islands of Basse-Terre (Guadeloupe),
Dominica, and Martinique have produced elevated volumes of magma (8-40 km3) in comparison
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to the northernmost and southernmost segments (0-5 km3) of the LAIA over similar time periods
(Macdonald et al., 2000).
In keeping with the tectonic complexity of the region, the depth to the subducted slab is
highly variable throughout the arc. The following description is summarized from Wadge and
Shepherd (1984), which used precise hypocentral locations of earthquakes recorded from 1978 to
1984 to constrain the configuration of the Benioff Zone. Below the recent arc the depth to the
subducted slab is variable: 140-160 km from Saba to Basse Terre of Guadeloupe, 180 km at
Martinique and Dominica, and 100-140 km from St. Vincent to Grenada (Fig. 2-4). In the
portion of the arc, north of Martinique, the Benioff zone strikes north-northwest, whereas south
of St. Lucia the Benioff zone strikes north-northeast. These segments join near 14° N, between
Martinique and St. Lucia, resulting in a slab kink subtending an angle of about 130°. Wadge and
Shepherd (1984) hypothesize that this kink may indicate that either a single American plate has
been torn and deformed or there are two separate plates being subducted at different velocities.
The Benioff zone in the northern segment dips 60-50°, reaching a maximum depth of
approximately 210 km. The southern segment counterpart dips 50-45°, reaching a maximum
depth of about 170 km; the Benioff zone here is also more seismically complex. South of
Grenada the Benioff Zone also progressively becomes more vertical (Fig. 2-4).
In addition to its complex tectonic history and setting, the LAIA is distinguishable from
other arc systems through its regional sediment volume. Along the length of the arc, sediment
thickness increases from 10 km in the south to less than 1 km in the north (Westbrook et al.,
1984). This southward increase results from detrital material input originating from the Orinoco
River and the Amazon River (Bouysse et al., 1990). A considerable amount of sediment is being
scraped off the subducting slab. This has led to the formation of the Barbados Ridge complex,
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where Barbados island is the subaerial manifestation of this sediment loading. The Barbados
complex is one of the most recognized accretionary prisms in the world. East of the Barbados
Ridge Complex, the Atlantic oceanic crust is dominated by west-northwest trending ridges and
troughs associated with fracture zones (Fig. 1-2) (Westbrook, 1982; Westbrook et al., 1984). In
the north, the Barracuda Ridge and the Tiburon Ridge rise 2 km above the basement. St. Lucia
ridge, located in the south, remains buried (Bouysse et al., 1990). The Barracuda Ridge is 450
km long and is the largest of the three ridges (Kearey et al., 1975). Together these ridges act as a
dam, blocking detrital influx from the south, contributing to the differential sediment thickness
along the arc. Given the volume of sediment and the presence of the three aforementioned ridges
on the subducting plate, it has been inferred that sediment subduction has influenced the magma
genesis and the geochemistry of resultant lavas in the Lesser Antilles (e.g. Davidson, 1986;
White and Dupré, 1986; Davidson, 1983; Hawkesworth et al., 1993; Arculus and Powell, 1986).
Section 2.3 highlights several geochemical studies that present evidence for the recycling of
sediments through the Lesser Antilles subduction zone.
2.2 Geochemical Characteristics
Past geochemical studies on the LAIA have recognized the compositional gradation
between low-K tholeiites and medium-K calc-alkaline rocks present in the arc (Brown et al.,
1977; Hawkesworth and Powell, 1980; Rea, 1982; Baker, 1984; Davidson, 1987). Along the axis
of the LAIA, volcanic products grade from alkaline in the south (the Grenadines and Grenada),
through calc-alkaline in the center (St. Vincent, Guadeloupe, Saba, Dominica, and St. Lucia), to
tholeiitic in the north (St. Kitts, St. Eustatius, Montserrat, and Nevis) (Fig. 2-5) (Brown et al.,
1977). It is important to note that on the island of Martinique there exists a across-arc tholeiitic to
calc-alkaline trend from old arc to recent arc lavas (Germa et al., 2011).The along-arc
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compositional gradient within the LAIA allows the islands to be grouped on the basis of
geochemistry. Following this, the southern islands are defined as the Grenadines (excluding
Bequia) and Grenada, the central as those from Guadeloupe to Bequia, and the northern islands
as those from Saba and Anguilla to Montserrat and Antigua (Macdonald et al., 2000).
On a SiO2-K2O plot less evolved products (SiO2 < ~55 wt.%) from the northern and
central islands consistently fall in the low-K and lower parts of the medium-K field (Fig. 2-6).
Rocks from Grenada and the Grenadines with similar SiO2 content as those from the north and
central islands plot as medium-K type (Macdonald et al., 2000). Some central and northern
islands are characterized by rocks of one affinity, while other islands in the same grouping are
not. St. Eustatius and St. Kitts are dominated by low-K rocks, while Saba, Nevis and Martinique
contain suites of low-K and medium-K type (Smith and Roobol, 1990). Following this, volcanic
centers were also found to have a compositionally diverse range of products; moreover, on any
one island the composition of products for one volcanic center may not be related to an adjacent
center. The Morne Plat Pays volcanic center on Dominica is primarily hornblende andesite and
dacite; however, the neighboring Foundland center is primarily basalt (Brown et al., 1977).
The broad compositional range of erupted products in the LAIA is mirrored in the SiO2
content of erupted products, which range from about 43 wt.% to 69 wt.%. This range was
determined by Brown et al. (1977), which presented 1516 rock analysis from 15 of the larger
volcanic islands in the Lesser Antilles (the Grenadines (Carriacou, Union, Canquan, and Bequia),
Grenada, Dominica, St. Kitts, St. Vincent, Saba, St. Lucia, Martinique, Nevis, St. Eustatius,
Guadeloupe, and Montserrat). The average value of all collected data indicated a composition
more similar to basaltic andesite rather than siliceous andesite. As a whole the samples were
predominantly andesitic in nature. This dominance is also reflected in the suite of samples used
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for this project. As will be discussed in the next chapter, the samples analyzed for this study are
primarily andesites. Unlike SiO2 content, total alkalis throughout the arc remain relatively
constant. The average Na2O + K2O for samples from Dominica, Grenada, and St. Kitts falls
between 4 wt.% and 6 wt.% and remains relatively constant over a range of SiO2 compositions.
Another recognized major element characteristic of the LAIA is the high Al2O3 content. From
Brown et al. (1977), the average Al2O3 content from the entire sample suite ranges from
approximately 14 wt.% to 20 wt.%. These major element characteristics were also reflected in
the data analyzed by Macdonald et al., 2000, which consisted of 237 rock from 22 islands
through the arc (Fig. 2-7).
Geochemical variation based on latitude is best seen in the trace-element chemistry of the
arc (Fig. 2-8). LREE-enrichment in the Lesser Antilles basalts is usually associated with K2O,
Sr, Ba, Nb, Th, and Zr enrichment (Brown et al., 1977; Hawkesworth and Powell, 1980;
Macdonald et al., 2000). This trend indicates K and LREE are enriched at different rates by
unique processes (Macdonald et al., 2000). Partial melting and fractional crystallization are
thought to have created these geochemical differences. Fractional crystallization is inferred to
have been dominant in the evolution of central and northern volcanos, as evidenced by the
presence of cumulate xenoliths containing olivine, anorthite, hornblende, and magnetite (Lewis,
1973; Wills, 1974).
Isotopically, lavas from the LAIA display a broad range of Sr-Nd-Pb isotopic
compositions, where Pb isotopes have are some of the most radiogenic compositions of intraoceanic arcs (White and Dupré, 1986; Davidson, 1985, 1986, 1987; Carpentier et al., 2008).
They are also chemically zoned from north to south along the arc axis with lowest Nd isotope
ratios and highest Pb isotope ratios being found in the southern islands, Grenada and the
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Grenadines (Hawkesworth and Powell, 1980; White and Dupré, 1986; Davidson, 1987; Turner et
al., 1996). Figure 2-9 shows that Sr and Pb ratios generally increase with decreasing latitude.
Past studies on the LAIA agree that observed geochemical variations are the result of
contributions from the subducted slab, most likely in the form of subducted sediments
(Hawkesworth and Powell, 1980; White and Dupré, 1986; Davidson, 1987; Turner et al., 1996,
Carpentier et al., 2008). The mechanism by which this sedimentary signature is introduced into
the magma source is debated. Contamination of the mantle wedge by subducted sediments has
been suggested by White and Dupré (1986), Vidal et al. (1991), and Turner et al. (1996). Highlevel contamination of magmas via intercalated sediments within the arc crust has been
suggested by Thirlwall and Graham (1984), Davidson (1985, 1986, 1987), Davidson and
Harmon (1989), Smith et al. (1996) and Thirlwall et al. (1996). Contamination by intercalated
sediments has been proposed as there is no geophysical evidence for the exitance of continental
crust in the island arc basement (Davidson, 1985; Westbrook, 1975). Following this, Davidson
(1985) indicated that crustal contamination is more likely to be terrigenous sediment intercalated
within the volcanic pile. The following section further highlights more recent evidence for the
addition of sediments into LAIA magma sources. These studies suggest that a sedimentary
signature is imparted on the mantle wedge, and therefore LAIA lavas, through subducted
sediments.
2.3 Evidence of Sediment Subduction
Two sites from which sediment cores for analysis have been collected are DSDP (Deep
Sea Drilling Project) 78A Site 543, located west of Dominica, and DSDP 14 Site 144, located on
the edge on the Guyana continental margin on the Demerara Rise (Fig. 2-10) (Hayes et al., 1972;
Carpentier et al., 2008). Sediments from Site 534 were deposited in a deep abyssal setting, below
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the CCD (Carbonate Compensation Depth) and are chiefly pelagic and radiolarian clay (Pudsey
and Reading, 1982; Biju-Duval et al., 1985). Plank et al. (1998) suggests these sediments are
representative of sediments being subducted beneath the Lesser Antilles arc. Sediments from Site
144 were deposited in a shallow water environment above the CCD, on the northern slope of the
Demerara rise (Hayes et al., 1972) and contains terrigenous claystones, sandstones, chalks,
marls, and black shale (Pudsey and Reading, 1982; Biju-Duval et al., 1985). The differences in
sediment variability between Site 543 and Site 144 may possibly be related to less efficient
mixing processes. Fig. 2-10 shows all DSDP, IODP, and ODP sites in the vicinity of the LAIA.
Carpentier et al. (2008) analyzed the Nd-Pb isotopic composition of sediments collected
from three sites along the Lesser Antilles forearc: Site 543, Site 144 and Barbados Island. 24
samples were selected from Site 542, 21 samples from Site 144 and 12 samples from Barbados
Island. Only sediments located ~ 170 m depth, under the décollement, were considered in this
study as only these sediments have a chance of being subducted. The décollement separates
sediments that are off-scraped from those underthrust with the oceanic crust (Westbrook and
Smith, 1983; Westbrook et al., 1988; Moore and Shipley, 1988). Overall, the sediments
collected have radiogenic Pb isotope compositions and unradiogenic Nd isotope compositions.
When these parameters are plotted, two arrays become visible: (1) the "main array" characterized
by samples from Site 543 and Site 144 and (2) the "Barbados" array (Fig. 2-11A). Carpentier et
al. (2008) described that "Barbados" array as the result of binary mixing between radiogenic
detrital material from South America and unradiogenic volcanogenic material for the Lesser
Antilles arc. Following this, they interpret the "main array" as a reflection of variable amounts of
heterogeneous continental material, input via the Orinoco and Amazon rivers.
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When plotted using Pb and Nd isotopic ratios, northern island lavas lie between the
MORB field and the field characterized by Site 543 sediments. A model of binary mixing in a Pb
isotopic space suggests that less than 1% sediment is required to produce the Pb and Nd isotope
ratios measured in northern island lavas. The southern island lavas do not lie between the MORB
and Site 543 endmembers as they have Pb isotope ratios higher than those found in sediments at
Site 543. This favors the involvement of Site 144 sediments, as the isotopic signature can be
replicated within a reasonable amount of sediment addition (Carpentier et al., 2008).
In addition to the data described above, Tang et al. (2014) also analyzed Li isotopes in
sediments from DSDP Site 144 and Site 542 as well as Martinique lavas. Lithium isotopes are
useful tracers of sediment input, as differing magmatic sources have distinct Li isotopic
compositions. The upper mantle, inferred from fresh MORB values (δ7Li = + 3.7 ± 1 at 1σ,
Tomasscak et al., 2008), is heavier than the upper continental crust (δ7Li = 0 ± 2 at 1σ, Teng et
al., 2004). This distinction is further magnified in the presence of fluid, as 7Li is enriched in the
fluid relative to the solid. Therefore, seawater (δ7Li = +31, Millot et al., 2004) is isotopically
heavier than the mantle and the continental crust. Sediments subducted beneath the LAIA were
found to be some of the isotopically lightest sediments world-wide. Sediments from Site 543
(mean δ7Li = - 0.8 ± 1.5 at 1σ, Tang et al., 2014) and Site 144 (mean δ7Li = -1.3 ± 2.9 at 1σ,
Tang et al., 2014) both have similar Li isotope compositions, which are lighter than MORB. This
is likely due to the high influx of weathered terrigenous materials from South America (White et
al., 1985). The analyzed suite of Martinique lavas did not show a relationship between age and
δ7Li, which is lower or indistinguishable from those of MORB. There is also no correlation
between δ7Li and any other parameters such as Li abundance or LREE enrichment. There is only
a weak correlation between δ7Li and Pb and Nd isotopes. The lack of correlation between δ7Li
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and SiO2 and (La/Sm)N indicates that these lavas are not affected by crustal assimilation or
magmatic differentiation. This contrast earlier work on the geochemistry of the LAIA, which
reported evidence of crustal assimilation (Davidson, 1985; Davidson, 1986; White and Dupré,
1986). Based on a δ7Li-Y/Li two end-member mixing model, Tang et al. (2014) found that ~2%
sediment input to the mantel source was needed to produce the average Li isotopic composition
from in Martinique lavas.
Evidence for fluid addition is also present in the Sr isotopic composition of Lesser
Antilles lavas. Data on Sr isotopic compositions, major element, and trace element
concentrations from samples spanning the entire length of the arc collected by Turner et al.
(1996) indicate calc-alkaline rocks from the central islands have a wide range of 87Sr/86Sr values
(0.701 to 0.711), while tholeiitic lavas fall between 0.701 and 0.704. The hyperbolic relationship
between Ba/Th and 87Sr/87Sr implicates two-component mixing between fluid and sediment (Fig.
2-12A). The Ba/Th ratio is significant in that Ba is much more fluid-mobile in comparison to Th.
An elevated Ba/Th signature is primarily imparted by fluids. A high Ba/Th, low 87Sr/86Sr
component is best seen in the northern island lavas. This component is inferred to be slabderived fluids, as both residual sediments and the mantle wedge possess low Ba/Th. The low
87

Sr/86Sr indicates a lack of crust material. The shift to 87Sr/86Sr ~0.706 accompanied by

increasing Ba/K and decreasing Ba/Th is associated with increased input from subducted
continental sediments.
Evidence for oceanic crust contribution in the form of subducted sediments is
additionally inferred from Ta/Zr data. A crustal contribution is interpreted to be responsible for
the variable Ta/Zr ratios in the LAIA (McDermott et al., 1993). Ta/Zr ratios positively correlate
with 87Sr/86Sr in the LAIA (Fig. 2-12B). This is also inferred to be from subducted sediments;
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however, the presence of HFSE like Ta and Zr elements points to sediment addition in the form
of melt as opposed to fluids. HFSE are relatively immobile in fluids and are primarily transferred
though melts. While Ta/Zr remains relatively constant in the northern island tholeiites, Ta/Zr
increases at relatively constant Yb concertation in the southern island lavas (Fig. 2-13). This
implies that Yb is being buffered by the presence of garnet. Under the pressure-temperature
conditions beneath the arc, subducted sediment is expected to form a garnet-bearing eclogite
assemblage (Nichols et al., 1994; Irifune et al. 1994).
Data collected in the study by Turner et al. (1996) are unique, in that it has been used to
infer the melting of subducted sediment. Turner et al. (1996) implement a three-component
model involving slab-derived fluid, sediments, and the mantle wedge to explain lava
compositions found in the LAIA. The slab-derived fluid flux appears to have either interacted
with the mantle wedge or be driven by dehydration of partially altered oceanic crust. Sediment
contribution seems to result from partial melts which enrich the mantle wedge. This sediment
addition increases from < 1% in the northern portion of the arc to ~15% in the southern portion
(Turner et al., 1996). The fluid signature is most pronounced in the tholeiites from the northern
islands. It is inferred that the transition from tholeiitic lavas to calc-alkaline lavas southward
represents source enrichment via the addition of partial sediment melts into the mantle wedge
(Turner et al., 1996). In addition to the studies presented in this paper, earlier studies that focused
on Sr, Nd, and Pb isotopic data also indicate a subducted sediment component (Davidson, 1983;
Davidson,1986; White and Dupré, 1986). However, the nature of the subducted component still
remains vague. Unlike the studies previously discussed in this section, the study presented here is
novel in that it focuses on the across-arc geochemical variation in the LAIA, as evidenced by the
major, trace, and boron concentration of erupted products.
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2.4 Boron as a Geochemical Tracer
Boron is one of three elements with low atomic weight, which can be found in geologic
material. The other two elements possessing this quality are Li and Be. The scarcity of these
elements is related to their instability during stellar nucleosynthesis. Boron has an atomic radius
of 85 pm and behaves as a lithophile element. It is commonly found in compounds with the
coordination numbers 3 and 4; bonds formed with B are essentially non-ionic (Goldschmidt,
1958). Due to its coordination number, trivalent B will compete with quadrivalent Si in the
sequence of fractional crystallization (Goldschmidt, 1958). Boron is thought to be a sensitive
tracer of the slab-to-mantle transfer of water for several reasons including: (1) Pelagic sediments,
the mantle, and altered oceanic crust have distinct boron contents and isotopic compositions
(Ishikawa and Nakamura, 1993; You et al., 1995; Leeman and Sisson, 1996). (2) Boron has been
shown to be quantitatively leached from rock and incorporated into the resultant fluids during
high-temperature hydrothermal processes (Seyfried et al., 1984).
The concentration of B in the upper mantle is estimated to be extremely low, between
0.01 ppm and 0.17 ppm (Spivack and Edmond, 1987; Ryan and Langmuir, 1993; Chaussidon
and Jambon, 1994; Chaussidon and Marty, 1995; Marschall et al., 2017). For this reason, the
upper mantle is not expected to contribute significantly to the B content or isotopic composition
of island arc lavas. Altered oceanic crust has an average B concentration of 5 ppm and δ11B of ~
4 ‰ (Smith et al., 1995), while ocean sediments are highly enriched in B and contain up to 220
ppm B and have δ11B values between -10 to 20 ‰ (Ishikawa and Nakamura, 1994; You et al.,
1995). Although δ11B values for marine sediments range from -10 to 20 ‰, they are irregularly
distributed throughout the ocean. Sediments of the central North Pacific and the east Equatorial
display δ11B values from - 6.6 to -3.0 ‰ and + 0.9 to + 4.5 ‰, respectively (Ishikawa and
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Nakamura, 1994). For this reason, global sediment averages may vastly misrepresent the true
geochemical compositions of local sediments present at a subduction zone, as regional
environments may create distinctive compositions. The boron isotopic composition and content
of marine sediment is dictated by the presence of four components: detritus of continental origin,
marine smectite, biogenic carbonate, and biogenic silica. Ishikawa and Nakamura (1994)
examined the boron content and boron isotopic composition of modern and ancient marine
sediments, including calcareous and siliceous sediments. These samples were collected from the
North and Equatorial Pacific Ocean. For their suite of samples, they found that pelagic clays had
a B content of 95.6 to 132 ppm and δ11B values of - 6.2 to -1.8 ‰. Biogenic carbonate had a B
content of 15 to 25.6 ppm with a δ11B value of + 8.0 to +10.5 ‰. Biogenic ooze had a B content
of 54.8 to 74.8 ppm and δ11B values of -3.8 to +0.9 ‰. See Table 2-1 for a complete list of
values. These components may be present in variable amounts throughout the Atlantic Ocean.
Sediment cores taken along the northern Antilles trench at DSDP site 543 indicate that the
sediment column is composed of 4 main units: ashy mud, radiolarian clay, zeolite-rich clay, and
calcareous, ferruginous claystone (Plank and Langmuir, 1998).
Boron is present in sediment as a structural component and as an adsorbed component
(Smith et al., 1997). Early studies by Spivack and Edmond (1987) and You (1994) reported a
δ11B value of adsorbed B of ~ 15 ‰ and a δ 11 B value of structural B of approximately -10 ‰. It
is important to note that these findings do not necessary represent standard values. Only the
structural portion of sedimentary B is able to contribute to magma genesis. Structural B is
extracted from sediment at high temperature or by chemical transformation (You et al., 1993).
Adsorbed B readily desorbs in aqueous fluids at low temperatures (You, 1994; You et al., 1995).
During subduction, adsorbed B is released from down-going sediment at low temperatures above
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25°C amid pore fluid expulsion and subsequently returned to the ocean along the decollement
(You et al., 1993; Smith et al., 1997). Lattice-bound B is mobilized at higher temperatures
around 200°C (You et al., 1995). This structural B component of sediments, which plays a part
in magma genesis, may impart a unique B signature on erupted products. Past studies concerning
the concentration of B in island arcs have shown that B content in erupted products is well above
mantle values (Leeman et al., 1994; Smith et al., 1997; Ishikawa et al., 2001; Leeman et al.,
2017). This indicates that a high B content component is being subducted and recycled through
the subduction zone. That component is often inferred to be sediments, although the B isotopic
composition of lavas often display δ 11 B values above that of sediments (Smith et al., 1997 and
Leeman et al., 2017). This isotopically heavy B component may be sourced from AOC
(Marschall et al., 2017). Because the B content of the mantle is so low, it is not required that
large volumes of sediment be subducted in order to effectively raise the concentration of B in
resultant magmas. Distinctions in B content and composition between the three previously
discussed subduction components (the mantle, subducted sediment and altered oceanic crust),
make B is a powerful tracer for sediment input and recycling though a subduction zone.
Boron is also very soluble in aqueous fluids in comparison to rare earth elements or highfield-strength elements. The fact that B enrichment is decoupled from that of fluid-immobile
elements but mirrors that to fluid-mobile elements (Pb, As, Sb) suggests that the latter elements
are transferred into arc magmas via aqueous fluids as opposed to melts (Leeman and Tonarini,
1998). This allows B data to be used in tandem with other geochemical data to differentiate
between hydrous fluid and sediment melt contributions (Leeman et al., 1994). In doing so, the
thermal conditions and variation in slab input may be evaluated for a given subduction zone.
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2.5 Past Boron Studies on Lesser Antilles Lavas
The only study of B content and composition in lavas from the Lesser Antilles was
conducted by Smith et al. (1997). This study analyzed a suite of volcanic samples from
Martinique for B content and δ 11 B. A total of 14 samples were analyzed: 3 old arc lavas, 5
intermediate arc lavas, 3 recent arc lavas, and 3 subaerial lavas. The B concentration of the
analyzed Martinique lavas range between 4.6 and 53.5 ppm, with the intermediate arc exhibiting
the highest values. The δ 11 B of the same suite of lavas varies between -5.3 ‰ and 1.8 ‰. The
subaerial samples are the lightest lavas, with δ 11 B between -5.3 ‰ and -4.0 ‰. There is no
discernible difference in δ 11 B between the three arc periods, as the intermediate arc, the old arc,
and the recent arc all occupy the same range of δ 11 B. M8311, sampled from the intermediate
(submarine) arc, displays both the highest B concertation (53.5 ppm) and the heaviest δ 11 B (1.8
‰).
Unlike the Izu, Japan and Halmahera, Indonesia arcs, the Martinique lavas analyzed by
Smith et al. (1997) have consistently low δ 11 B that do not correlate to B content (Palmer, 1991;
Ishikawa and Nakamura, 1994). The uniformly low δ 11 B of Martinique lavas implies that a
similarly low δ 11 B be involved in magma genesis. This data indicated that the B composition of
Martinique lavas is not a result of binary mixing. When combined with data on B content, 143Nd/
144

Nd, and 143Sr/ 144Sr, δ 11 B data did not fall on any single mixing array (Smith et al., 1997).

There is, however, a trend when δ 11 B is plotted against 143Nd/ 144Nd or143Sr/ 144Sr. The highest
δ 11 B occurs at the lowest 143Sr/ 144Sr, while the lowest δ 11 B occurs at the highest 143Sr/ 144Sr
(Fig. 2-14A). A similar trend exists for δ 11 B vs. 143Nd/ 144Nd (Fig. 2-14B). From Fig. 2-14 it is
apparent that the LAIA samples range in δ 11 B values, but primarily fall at two isotopic
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compositions for Sr and Nd, each. This trend forms two columns of samples in each figure and
possibly indicates differing magmatic sources.
The diversity in B concentration and δ 11 B data points to the involvement of aqueous
fluid. Bulk mixing and sediment addition cannot explain the elevated concentration and isotope
values found in some samples. Dehydration of the subducting plate generates aqueous fluid,
which may decouple δ 11 B from B concertation, as variable amounts of fluid can be incorporated
in different magma batches (Tatsumi et al., 1986). Fluid sourced from AOC 20 - 30% continental
sediment or up to 3% marine sediment produces the complete range of observed δ 11 B values
(Smith et al., 1997). Overall, the B, Nd, and Sr isotopic composition of the sampled Martinique
lavas describes a two-stage process where slab-derived, aqueous fluid enriches mantle-wedge
magma in B before this magma is modified any further. The lack of correlation between δ 11 B
and B content is agreeable with the addition of temporally or spatially distinct fluids aqueous
fluids derived from the subducting lithosphere.
How representative this data is of the rest of the LAIA still remains unclear, as no other
studies have documented the B content or composition of other islands in the arc system.
Geochemical variation based on latitude is already a defining feature of the LAIA, therefore, it
can be inferred B concentrations may vary in a similar manner. As previously explained, B is a
geochemical tracer for sediments, which consist of unique components with distinct B contents.
Following this, variability in B content throughout the arc may be reflective of an influx (or lack
thereof) of specific sediment components, highlighting the importance of identifying local
sediment compositions within a subduction zone. From the Smith et al. (1997) study, the B
content of sampled Martinique lavas ranges from 4.6 to 53.5 ppm for a total of 14 samples. Is
this variability in B content present in other islands, such as Guadeloupe, which are similar in
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size? Or is Martinique an anomaly in respect to the B concentration of erupted lavas? Moreover,
does age play any role in geochemical variation as it does in the TLIA? The studies highlighted
in Section 2.3 and Section 2.4 do not indicate major geochemical differences between the old arc
and the recent arc. This study aims to address these questions by analyzing the B content of a
suite of samples from 12 islands, including Martinique, in the bifurcated portion of the LAIA.
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CHAPTER 3:
METHODS FOR MAJOR/TRACE ELEMENT ANALYSIS AND BORON
SEPARATION
3.1 Sample Selection and Preparation
This project aimed to analyze a spatially and temporally diverse suite of erupted products.
Thirty-six of the forty-two samples had previously been gathered by Dr. Fred Nagle during the
summer of 1969 and stored at the University of Miami until 2010. A select group of samples
from Guadeloupe, St. Eustatius, St. Kitts, Dominica, Antigua, and St. Martin were also dated by
Nagle et al. (1976, unpublished data). However, the accuracy of these dates is questionable as
they were obtained on whole-rock samples using K-Ar dating, which can be affected by the
presence of extraneous 40Ar (Germa et al., 2011). The general location of each sample and a brief
sample description was taken from his field notes. For some samples the exact location is
unknown as certain landmarks have changed, and his field study predates GPS. Nevertheless, the
island from which each sample was collected is clearly stated in his notes. From this, a general
age range can be constrained. Islands located in the old arc formed 24 to 20 Ma, when the old arc
was active (Fig. 1-2) (Germa et al., 2011). Islands located in the recent arc formed 5 Ma to
present, when the recent arc was active (Fig. 1-2) (Labanieh et al., 2010). Six samples from
Martinique were collected and dated by Dr. Aurélie Germa using high precision 40K-40Ar dating
(Germa, 2008; Germa et al., 2011) and have previously been analyzed for their major and trace
element compositions and their Sr, Nd, Pb and Hf isotope compositions by Labanieh et al. (2010,
2012). Sample locations and ages are shown in Table 3-1.
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Lavas samples studied in this project were selected based on their degree of weathering
and mineralogy. All samples are andesitic or basaltic and have not undergone significant
alteration, which can affect boron concentration. This study also aimed to use homogenous
samples lacking anomalously large phenocrysts, as chemical data from large mineral grains may
misrepresent the overall chemical signature of erupted products. The ultimate limitation on
analytical precision is the homogeneity of the aliquot taken for analysis and how representative it
is the entire sample (Potts, 1992, p.18). For certain trace elements that partition into a specific
mineral phase, the inclusion of an anomalous phenocryst may skew the measured concentration,
reducing the overall analytical precision. Finally, samples were selected based on the amount
presently available. After being selected, a sample was cut to expose a fresh surface, crushed,
and subsequently powdered in an aluminum ball mill.
3.2 Major and Minor Element Analysis
Major elements and high abundance trace elements (Ba, Cu, Sc, Sr, V, Zn, and Zr) were
analyzed by inductively coupled optical emission spectroscopy (ICP-OES), using a Perkin Elmer
Avio 200 ICP-OES coupled with an ESI SC-FAST autosampler. The advantages of using a
FAST autosampler will be discussed later in this chapter. Powdered samples were initially dried
during a Loss On Ignition (LOI) procedure. For this procedure 2.000 ± 0.003 grams of sample
was placed into a high-alumina ceramic crucible, heated in a furnace at 200°C for 15 minutes,
removed and weighed for a low-temperature LOI measurement (LOI +). The crucible was then
placed back into the furnace for 15 minutes at 975°C, removed and weighed again for a hightemperature LOI measurement (LOI -). These measurements were calculated using the equation
below (Equation 1). Results of the LOI procedure are given in Table 3-2.
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Following the LOI procedure, samples were prepared for major and minor element
analysis via fluxing with LiBO2 (99.9% Trace metal Grade LiBO2 from Sigma Aldrich). All
bottles used in this procedure had previously been soaked overnight in a 1:1 solution of H2O and
HCl, then rinsed three times in deionized H2O and dried. This cleaning procedure follows the
suggested method for cleaning plastic containers from Moody and Lindstom (1977), where HCL
and HNO3 were found to have leached a variety of elements from a number of plastic materials
at various efficiencies. Fusion with LiBO2 was achieved by heating a graphite crucible, filled
with a mixture of 0.1000 ± 0.0002 grams of dried sample and 0.5000 ± 0.0004 grams of LiBO2
flux, in a furnace for 15 minutes at 1060°C. Blanks were made with twice the amount of flux.
Upon being removed from the oven, the fused molten sample was poured directly into a 125 ml
polypropylene bottle already filled with 50 ml of 2M HNO3 and shaken for one hour or until the
solution was clear, indicating the sample had been completely dissolved. This solution served as
the stock solution at 500X dilution as well as the minor element solution. The major element
solution was made by mixing 2.5 ml of the stock solution with 47.5 ml of a 2M HNO3 + 1000
ppm Li solution in a 60 ml polypropylene bottle. This results in a 10,000X dilution. Standards
(AGV-2, W-2, BIR-1, BCR-2, JA-2, and JGB-1) and internal standards (BHVO-2, JB-3, and
STM-1) were prepared in the same manner as samples, excluding the LOI procedure.
3.3 Boron Analysis
Boron concentration was also analyzed on an ICP-OES with coupled ESI SC-FAST
autosampler. Exceptional precaution was taken to minimize the amount of B introduced into the
sample during digestion. All boron chemistry was conducted in a B-free, clean laboratory at the
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University of South Florida. Before being used in B chemistry, ~17.7 megaohm deionized H2O
was cleaned via a borate specific AmberliteTM anion exchange column. To prepare the resin for
use, 4 L of a 2M HCL solution is run through the resin, followed by 4 L of a 1M NH4OH
solution. A final solution containing 4 L of deionized H2O and 10 ml of NH4OH, added to ensure
the pH is above 9, is eluted to prepare the resin column. Boron can be extracted from the H2O at
this pH in the presence of the AmberliteTM resin. No pyrex or other borosilicate glassware was
used for this procedure as they can impart B into samples. Cleaning was done in a plastic or
Teflon container. Reagents and sample solutions were stored in Teflon bottles. The separation of
B from the sample matrix was achieved through Na2CO3 flux fusion. This procedure was
adapted from Ryan and Langmuir (1993) and is as follows. It is important to note that the
samples used in this boron separation procedure have not undergone LOI.
1. Weigh out 0.5000 ± 0.0009 g of sample and 4.000 ± 0.001 g of Na2CO3 and mix
together with a metal spatula in a Pt crucible. Seal all crucibles with a lid after mixing.
2. Place crucibles in a cold furnace and gradually heat to 1020°C over 60 - 90 minutes.
This results in a hardened fusion cake (Fig. 3-1A).
3. Once completely cooled, place crucibles in Savillex jars filled with 80 ml of B-free
H2O, tightly seal jars and place on a hotplate at 100-120°C and let sit for 24 hours.
4. Take beakers off of the hotplate. Once cooled, remove the crucibles from the jars and
scrape out the fusion cake with a Teflon Policemen stirrer. During this step rinse all
material from the crucible back into the jar. Insoluble materials will collect at the bottom
of the jar (Fig. 3-1B).
5. Place jar with B-free H2O and fusion cake back on the hotplate at < 100°C to carefully
evaporate the solution down to approximately 25 ml. During this step it is crucial that jars
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be diligently watched as the solution cannot dry down to hardness. If this occurs the
sample must be re-processed.
6. Once the solution in the jars has evaporated down, pour all contents of the jar into a 50
ml centrifuge tube. Rinse the jar three times with B-free H2O, pouring all contents
(including the insoluble material) into the same centrifuge tube.
7. Centrifuge the tubes for 20 minutes to separate the insoluble materials from the
solution (Fig. 3-1C). Carefully pour the supernate back into the Savillex jar without
letting any insoluble material leave the tube. Rinse the insoluble material left in the
centrifuge tube with 20 ml of B-free H2O three times. After each rinse Votex the tube and
place it back in the centrifuge to spin for another 20 minutes, then carefully pour the
supernate back into the jar. The collected supernate in the jar should clear of insolubles
and contain all the boron (Fig. 3-1D).
8. Place the jars containing the collected supernate back on the hotplate at 150°C and
allow the solutions to dry down to hardness (Fig. 3-1E).
9. Once dried, resuspend the supernates in 20 ml of B-free H2O, then carefully add 5 ml
of ultrapure HNO3 1 mL at a time to avoid vigorous effervescence of the dried carbonate
created during fusion and separation. For this study, only distilled Trace Metal Grade
HNO3 was used, but it was not cleaned of all boron (i.e., it was not mannitol distilled).
Since only a small amount is used during sample preparation it should not contribute any
significant amounts of boron. After all effervescence has stopped reseal the jar and allow
the solution to sit overnight at room temperature. During this time excess SiO2 gel will
precipitate out of solution.
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10. Pour solutions into a centrifuge tube dilute the solution with B-free H2O to 50 ml or
desired volume. For this study, the initial batch of 23 samples were diluted to 50 ml,
while subsequent batches were not diluted in order to increase the B signal on the ICPOES.
11. Allow the centrifuge tube containing the diluted solution to sit overnight. During this
time precipitated SiO2 gel will settle to the bottom of the tube (Fig. 3-1F). The following
day pipet off 14 ml into a 15 ml centrifuge tube for analysis. Note that more SiO2 gel may
precipitate out of some high-silica samples if the solution is allowed to sit for more than a
day before being analyzed.
A major complication with the procedure described above is that the final solution used
for analysis contains elevated amounts of Na, Al, and Si. This can lead to matrix effects, which
suppress the B signal. The presence of Fe, Ni, Cr, Al, and V suppress B signals via interference
(Evans and Krahenbuhl, 1994; Pougnet and Orren, 1986; Kavipurapu et al., 1993).On the ICPOES interference occurs if the wavelength of the element of interest is near that of another
element within the search window (Sah and Brown, 1997). This makes the peak search routine
less reliable (Sah and Brown, 1997). The two most sensitive B line at 249.773 nm and 249.678
nm are particularly susceptible to Fe interference in samples with elevated Fe II content (Pougnet
and Orren, 1986; Evans and Krahenbuhl, 1994; Pritchard and Lee, 1984). Considerable amounts
of Na are also present in the final solution as a result of the Na2CO3 flux. Although high
concentrations of Na can enhance B signals (Evans and Krahenbuhl, 1994; Pougnet and Orren,
1986; Kavipurapu, 1993), this leads to Na buildup on torch components and in the sample
introduction system, where it can congest tubing. In order to overcome these challenges, an
experimental B-procedure was tested as part of this study. This experimental B resin procedure,
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described in Appendix I, was adapted from the K2CO3 digestion and column separation
procedures of Tonarini et al. (1997) The objective of this procedure was to reduce the amount of
extraneous elements in the sample solution matrix, thereby isolating B in the final solution.
3.4 ICP-OES Parameters
For this study an ESI SC-FAST autosampler was used in conjunction with the ICP-OES.
The ESI SC-FAST autosampler reduces sample uptake and wash times. A built-in vacuum pump
transfers sample solution from the vial to the sample loop via Teflon tubing without allowing the
sample to come into contact with the polyethylene pump tubing. This is of particular importance
when running boron because it helps to further reduce sample carry-over. Boron commonly
raises the base line in spectrometric procedures by adhering to instrumental components, such as
polyethylene tubing (Sah and Brown, 1997). This carry-over affects ensuing readings and
presents a major problem in B determination, which is why it is advantageous to reduce the
amount of time each sample solution comes into contact with instrument components such as
pump tubing. The 6-way valve system allows for minimal sample uptake volume and efficient
washout, which reduces contamination from carryover. ICP-OES and ESI SC-FAST
autosampler settings for this study are listed in Table 3-3. Prior to boron analysis on the ICPOES, the sample introduction system was replaced with a PFA (perfluoroalkoxy) nebulizer, 1 ml
sample loop, sample probe, new tubing and torch components (a pure quartz torch and a ceramic
injector only used in B analysis). This was done to further reduce boron contamination. Wash
and carrier solutions were also made from B-free H2O. Following each run, the torch and injector
were cleaned in a 1:1 solution of HNO3 and H2O with a final rinse in B- free H2O to reduce
sodium buildup.
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Boron is commonly measured at two wavelengths, 249.677 nm and 249.772 nm. For this
study, only those measurements collected from the 249.677 nm wavelength are presented. When
comparing the spectra of each wavelength for a sample set, the 249.677 nm wavelength endures
fewer obstructions from spectral lines of extraneous elements (Fig. 3-2 and Fig. 3-3). This
characteristic is consistent throughout all samples. The dominant problem in using the 249.772
nm wavelength for this particular suite of samples is the interference from aluminum
(wavelength = 249.785 nm). Erupted products from the Lesser Antilles are characteristically high
in aluminum (Brown et al., 1977) and as seen in Fig. 3-3B, the aluminum content of some
samples in this study is high enough to create a second neighboring peak. Even with
reprocessing, it is difficult to resolve the effects of aluminum from the boron 249.772 nm line.
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CHAPTER 4:
RESULTS
4.1 Major and Trace Element Content
Major and trace element concentrations for all 42 samples are shown in Table 4-1 and
Table 4-2, respectively. For convenience of analysis, samples from the old arc, recent arc, or
intermediate arc are denoted on plots by symbols of the same color. Major and trace element data
for samples 06MT60, 06MT69, 06MT72, 06MT54, 07MT114, and 07MT82 were previously
collected by Labanieh et al. (2010, 2012). Trace element data for samples M117, M122, M129,
M131, and M135 were also previously collected (Atlas 2013, unpublished data); however, no
major element data for these samples exists at this time.
The major element data collected on all 42 selected samples shows SiO2 contents range
from 47.30 wt.% to 67.35 wt.%. All samples, excluding M117, M122, M129, M131, and M135,
have been plotted on a SiO2 – K2O rock classification diagram from Ewart (1982) (Fig. 4-1). The
determined rock type for each sample is listed in Table 4-3. A majority of samples fall into fields
defining an andesitic (or partially andesitic) composition; however, two samples are defined as
basalts, while four others are defined as dacites (Fig. 4-1). It is important to note that the three
plotted Martinique samples from the intermediate arc span all three compositions (basalt,
andesite and dacite). This highlights their range in SiO2 content, with the highest SiO2 wt.%
belonging to sample 06MT7, a garnet-bearing dacite. Similar to the LAIA data collected by
Brown et al., 1977, shown in Fig. 2-10, the samples analyzed for this study have medium to low
K2O (Fig. 4-1). Of the entire sample set, only one sample, from Anguilla (A378), plots in the
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High-K field. This sample, collected in a bay region, is consistently unlike the rest. In
comparison to other old arc samples, this sample has low CaO (Fig. 4-2F) and high Na2O (Fig.
4-2C) and P2O5 (Fig. 4-2H), displacing it from the main array of old arc or intermediate arc
samples. In addition to this, the Ba concentration in this sample is extremely high (930.96 ppm).
The elevated Ba content of this Anguilla sample indicates possible interaction with seawater, as
Ba enrichment may result from extreme alteration by seawater (Philpotts et al., 1969). This
sample may also have been affected by spilitization, as evidenced by its Na and Ca content.
Regardless of the process responsible for producing the elevated Ba value, the sample is not
representative of the primary features of the sample suite, and therefore will not be considered
any further.
As highlighted by the major element diagrams, samples from different building stages of
the arc plot along a single array; moreover, samples from the old arc and samples from the recent
arc overlap for a majority of the major element data (Fig. 4-2 and Fig. 4-3). TiO2 content ranges
from 0.47 wt % to 1.69 wt %; however, the old arc does have slightly less TiO2 (Fig. 4-2G and
Fig. 4-3G). The TiO2 content of Island Arc Basalts (IAB) is commonly below 1.2 wt%, while
that of Inter-Plate Basalts (IPA) is between 1.5 wt % and 2.5 wt % (Perfit et al., 1980). The low
TiO2 content of IAB is consistent with the presence of a Ti-bearing phase as a liquidous or near
liquidus phase during petrogenesis (Perfit et al., 1980). The elevated TiO2 content of a few LAIA
samples may result from the presence of oxide mineral phases. CaO and MgO correlate well with
SiO2 (Fig. 4-2E, F and Fig. 4-3E, F); however, Al2O3 and Na2O are poorly correlated with SiO2
(Fig. 4-2A, C and Fig. 4-3A, C). This indicates that CaO is controlled by the presence of a
secondary mineral phase such as pyroxene. The samples analyzed in this study also possess high
Al2O3 content, which ranges from 16.23 wt.% to 21.42 wt.% (Fig. 4-2A and Fig. 4-3A). This
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high Al2O3 characteristic is also present in the data collected by Brown et al. (1977), which was
discussed in Chapter 2.
The trace element data presented in this study is listed in Table 4-2. Excluding the single
sample from Anguilla, Ba for the entire sample suite ranges from 70 ppm to 610 ppm. Sr has a
similarly high range (143 ppm to 560 ppm), while Sc and Zr range from 8.00 ppm to 46.8 ppm
and from 30.5 ppm to 165 ppm, respectively. Sc and V, which both possess oxidation states of
+3, correlate well indicating similar incompatibility potentially due to the crystallization of
pyroxene or titanomagnetite (Fig. 4-4). Samples from the intermediate arc possess the highest
and lowest V and Sc concentration, while a few samples from the old arc are enriched in Sc as
compared to recent arc samples (Fig. 4-4). Similar to V and Sc, Ba and K2O also show a positive
correlation where samples from the old arc and recent arc overlap while two intermediate arc
samples have elevated Ba and K (Fig. 4-5). Both Ba and K are large ion lithophile elements and
are expected to be readily mobile in fluid. This trace element versus B data mirrors the trends
present in the major element data versus B (Fig. 4-6, 7, and 8). Samples from the old arc and
samples from the recent arc plot on a single array (Fig. 4-6). There are, however, differences in
the trace element concentrations of intermediate arc samples as compared to the rest of sample
set. Intermediate arc samples are enriched in Sc, V, and Zr (Fig. 4-6A, D, E) and slightly
depleted in Sr (Fig. 4-6B). Elevated Zr concentrations in the intermediate arc, as compared to the
old arc and the recent arc, suggest a change in the melting regime and possibly a higher input of
melt. It is important to note that two samples from Martinique, one from the old arc and the other
from the recent arc, also have elevated B concentrations and plot near intermediate arc samples
in Fig. 4-6. The old arc sample, 07MT114, has been dated at ~20 Ma (Germa et al., 2011a). This
corresponds to the end of the old arc and beginning of the intermediate arc. The elevated B
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content in this sample could perhaps be inherited from the onset of intermediate arc building
stage. Unlike sample 07MT114, the recent arc sample, MT117, is not from a transitionary period
and has been dated at ~2 Ma (Nagle et al., 1976).
4.2 Boron Content
The B concentration of the 38 samples analyzed in this study are listed in Table 4-3 along
with 5 previously analyzed samples from Martinique (Atlas, unpublished data). For the entire
suite of samples, spanning all three building stages of the arc, B concentrations range from 3.5
ppm to 74 ppm. The sample with the lowest concentration (3.55 ppm) is X339 from St. Martin.
The sample with the highest concentration (73.80 ppm) is 06MT60 from the intermediate arc
portion of Martinique. The most striking geochemical characteristic of the presented sample suite
is the high B content of samples from Martinique. This distinction is best seen in Fig. 4-9 and
Fig. 4-10, which highlight the range in B content of samples from Martinique, as compared to
other islands. Much of this variability is due to the elevated B content of intermediate arc
samples. In both the old arc and the recent arc, there appears to be no significant correlation
between B concentration and latitude, although B slightly decreases with increasing latitude (Fig.
4-9 and Fig. 4-10). In the northern-most islands (St. Martin, Anguilla, St. Kitts, St. Eustatius, and
Saba) this faint trend is disrupted.
Of the 42 samples presented in this study, 21 samples are from the recent arc. These
samples were not leached; however, weathered surfaces were cut and removed before the sample
was powdered. The average B concentration of all samples from the recent arc is 8.5 ppm,
whereas the average B concentration of all samples from the old arc is 10 ppm. In the recent arc,
B concentrations range from 3.7 ppm to 32 ppm. Interestingly, the lowest and highest
concentrations, M122 and M117 respectively, are both from Martinique. This variability
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suggests that source composition acts as a dominant control within Martinique. Of the 21
samples from the recent arc, only 3 samples have a B concentration above 10 ppm. If Martinique
is excluded and only those islands part of the double arc are considered, sample D171, from
Dominica, possesses the highest concentration at 10 ppm, and sample M240, from Montserrat,
possesses the lowest concentration, at 3.9 ppm. Similar to the recent arc, the old arc also
possesses elevated B concentrations in Martinique samples.
A total of 15 samples from the old arc were analyzed in this study. In this sample subset
B concentrations range from 3.55 ppm (X339 from St. Martin) to 42.21 ppm (07MT114 from
Martinique). Only 4 of these samples had B concentrations higher than 10 ppm. These samples
come from Martinique, Anguilla, West Guadeloupe, and St. Martin. Excluding samples from
Martinique, sample X381 from St. Martin, has the highest B concentration in the old arc at 11
ppm.
When considering the entire suite of samples, spanning all three building stages of the
arc, B does not correlate well with any of the major or trace elements; although, there is a slight
correlation between B and Ba in the intermediate arc (Fig. 4-6C). The B concentration of old arc
and recent arc samples is consistently below ~10 ppm; however, this restriction is not present in
their major and trace element counterparts. As is seen in Fig. 4-2, Fig. 4-3, and Fig. 4-6 samples
for the old arc and the recent arc have greater variation in their major and trace element
concentrations, as compared to their B content. Intermediate arc samples are most distinctive in
their B and trace element content, and do not plot within the old and recent arc array (Fig. 4-6).
Only 6 samples from the intermediate arc were analyzed in this study and all are from
Martinique. As previously explained in Chapter 2, the intermediate arc is only present in the
Lesser Antilles on islands south of Dominica. The island of Martinique is unique in that it is the
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only island where volcanic rocks from the intermediate arc crop out over an area large enough to
be studied. These specific Martinique samples range from 9.41 ppm to 73.50 ppm B, where only
06MT54 is just slightly below 10 ppm. Even though this subset is only 6 samples out of 42
samples, it contains the three highest concentrations of the entire sample set, making it clear that
the intermediate arc is enriched in B.
Ratios of B to a normally fluid-immobile element such as Zr also provide a reliable
measurement of relative B enrichment in the source. Overall, this ratio shows distinctions
between some samples from Martinique and East Guadeloupe and all other samples (Fig. 4-11
and Fig. 4-12). Unlike most samples from the old arc and the recent arc, a few samples from
Martinique and East Guadeloupe possess B/Zr ratios above 0.3 (Fig. 4-11 and Fig. 4-12). Ratios
of B to a normally fluid-mobile element such as Ba exhibit similar distinctions, with a few
samples from Martinique and East Guadeloupe possessing elevated B/Ba ratios (Fig. 4-13 and
Fig. 4-14). Overall, this ratio is weakly correlated with SiO2, TiO2, and MgO. The strongest
negative correlation in both the old arc and the recent arc is shown in B/Ba-SiO2 (Fig. 4-13C and
Fig. 4-14C). When B/Ba is plotted against B/Zr there appears to be a weak positive correlation
between the two parameters (Fig. 4-15). Two samples from the intermediate arc, and one from
the recent arc are displaced from this trend, as their B/Ba ratio is extremely low or extremely
high. All three of these displaced samples are from Martinique. This correlation between B/Ba
and B/Zr is present in all building stages of the arc; however, it is best displayed in the recent
arc, where the trend is the strongest (Fig. 4-15A). This indicates that as B is enriched, relative to
Zr, it is also enriched relative to Ba in the entire arc. It is important to note that the intermediate
arc is again distinctive under these parameters, as it possesses elevated B/Ba and B/ Zr ratios
(Fig. 4-15).
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CHAPTER 5:
DISCUSSION
When examining the across-arc variation in major, trace, and fluid-mobile element
content in the bifurcated portion of the LAIA, no clear correlations with age or geographic
location are evident. In addition, only subtle differences in geochemical composition exist
between the old arc and the recent arc. As evidenced by the data presented in the previous
section, islands from each of the two volcanic lines in the LAIA double arc have similar major
and trace element compositions (Fig.4-2, -3, -4, -5, and -6). When plotted together, samples
from the old arc and the recent arc overlap to form a single array (Fig.4- 4, 5, and 6). B data
reflects similar trends where old arc and recent arc rocks all possess relatively low B
concentrations (Fig. 4-9 and 10). From this it can be inferred that the subduction components
during the old arc and recent arc remained relatively the same; moreover; this demonstrates that
there exists only minor across arc variation within the bifurcated portion of the LAIA, north of
Martinique.
Perhaps the most prominent feature of the data is the elevated B content of samples from
the intermediate arc. The majority of samples from the old arc and recent arc possess a B content
below 10 ppm; however, several samples from the intermediate arc have B concentrations above
20 ppm, with the highest concentration being 74 ppm. It is unlikely that these concentrations are
the result of alteration or interaction with sea water, as evidenced by their Ba and Zr
concentrations, which are not reflective of extreme alteration. Elevated B contents in
intermediate arc rocks from Martinique were also observed by Smith et al. (1997), who found B
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concentrations of intermediate arc rocks range from 17 ppm to 53.5 ppm. As with this study, the
three highest B concentrations are also from the intermediate arc subset. The anomalous B
concentrations in rocks from the intermediate arc portion of the LAIA points to the addition of a
component with extremely high boron, far above that of the mantle. The lack of similarly high
concentrations in the rest of the arc also suggests that this component is only being subducted
beneath Martinique or is being subducted in higher quantities below Martinique.
From the B and Ba content of the analyzed samples it can be inferred that this component
is likely marine sediment as opposed to continental particulates; Fig. 5-1 shows intermediate arc
samples trending towards marine shale or possibly pelagic clay. Two other samples, from the old
arc and the recent arc portions of Martinique, are also included in this array between normal midocean ridge basalts (NMORB) and marine shale. Fig. 5-1 further suggests that the majority of
old arc and intermediate arc samples may be influenced by a component with low B content (<
25 ppm) and elevated Ba content. At this time this component is unknown, as a material with
these chemical characteristics could not be identified. Additional evidence for the influence of
marine sediments in intermediate arc lavas can be seen in the B and Zr content of Martinique
samples. Fig. 5-2 shows Zr concentrations in intermediate arc samples that are elevated, similar
to those possessed by marine shale and marine pelagic clay; however, the B concentration of
pelagic clay is much higher than that of intermediate arc rocks. It is likely that a marine shale or
pelagic clay component was subducted beneath Martinique during the intermediate arc building
stage, in order to create the trends observed in Fig. 5-1 and Fig. 5-2.
When considering parameters outside of B, it becomes more apparent that all analyzed
LAIA samples have been influenced by the addition of marine shale. As shown in Fig. 5-3, Ba
versus TiO2, a majority of samples plot along a single array between NMORB and marine shale.
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This plot indicates the Ba concentration in marine pelagic clay is far too high to have created the
observed mixing trend; moreover, the TiO2 content of Amazon River particulates is similarly
high, displacing it from the main sample array. These conclusions are further supported by Fig.
5-4, Ba versus Zr, where a majority of samples trend between NMORB and marine shale. This
trend is particularly strong in the old and recent arc samples, which create a trajectory from
NMORB towards marine shale (Fig. 5-4). Although these plots reveal chemical similarities
between LAIA rocks and subducted sediment components, single element diagrams do not
conclusively display mixing. Figure 5-5 plots B/Zr against Ba/TiO2. This ratio plot shows old
arc and recent arc samples forming a mixing array between a primitive mantle component and a
high Ba/TiO2, low B/Zr component. Three other samples, one from East Guadeloupe and two
from Martinique, appear to trend towards a marine shale component. Again, pelagic clay is
displaced from the majority of the samples due to its elevated Ba content. The presence of
marine shale in the subducting plate throughout the LAIA is not improbable. These units were
deposited in a deep-sea environment over 95 Myr, below the carbonate compensation depth
(CCD), and are therefore thought to be present in variable thickness everywhere on the Atlantic
sea floor (Carpentier et al., 2008). It appears likely that samples from all building stages of the
arc were subsequently influenced by the addition of a marine shale component. However, a
closer look at Fig. 5-4 suggests that the trends observed in the presented data set are not solely
the result of the addition of marine shale. Unlike in Fig. 5-1, the intermediate rock samples in
Fig. 5-4 do not form as clear of a trend towards marine shales. Their Ba content is much lower,
while a few samples have Zr concentrations above that of marine shale. A more focused
examination of this trend indicates that the intermediate arc samples are actually migrating away
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from the marine shale component and forming a separate trend, distinct from the old arc and the
recent arc (Fig. 5-6 and Fig. 5-7).
In the intermediate arc high B content is linked to similarly elevated concentrations of
HFSE, such as Zr (Fig. 4-6 and Fig. 5-1), and depleted concentrations of large ion lithophile
elements (LILE), such as Ba, Sr, and K (Fig. 4-6 and Fig. 4-8). It is unexpected that B would
mirror the behavior of a HFSE, rather than a LILE, as LILE are reasonably fluid-mobile and
HFSE are not. Although this pattern is difficult to fully assess using only the data collected in
this study, a possible explanation may lie in a change in subduction dynamics during the
intermediate arc. As previously explained in Chapter 2, the intermediate arc, present in
Martinique (and islands to the south of it), formed during a hiatus in volcanic activity to the north
(Bouysse et al., 1990). This hiatus is theorized to be the result of the subduction of an aseismic
ridge, which subsequently underplated the overlying Caribbean plate (Bouysse and Westercamp,
1990). The recent arc formed only after the older portion of the subducting plate, ahead of the
underplated ridge, broke off allowing newer plate material to reach the depth required for
volcanism (Bouysse and Westercamp, 1990). It may be that during the intermediate arc the
subduction of an aseismic ridge just north of Martinique affected the subduction dynamics
beneath the island, leading to an increase in mantle melting facilitated by a change in the melting
regime. An influx of melt from the mantle would result in elevated concentrations of
incompatible elements such as B, Zr, V, and Sc, which are observed in intermediate arc samples.
Nevertheless, this scenario does not fully explain the trends observed in Ba for the
intermediate arc. Throughout all building stages of the arc Ba is decoupled from B, indicating
differences in fluid-mobility (Fig. 4-6). However, during the intermediate arc Ba systematics
change. When Zr content is plotted against Ba content a defined intermediate arc trend emerges
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(Fig. 5-6 and Fig. 5-7). This trend is characterized by decreasing Ba with increasing Zr and
contrasts the old and recent arc trend which shows a positive correlation between Ba and Zr (Fig.
5-6 and Fig. 5-6). In the recent arc a few samples from Nevis, Saba, and St. Kitts are slightly
displaced from the recent main arc array (Fig. 5-7); however, they still reflect an increase in Ba
with Zr. It is important to note the inverse relationship between Ba and Zr in the intermediate arc
is not due to crystallization, nor is it due to the crystallization of biotite, a mineral phase in which
Ba is highly compatible. This has been ruled out, as other elements with similar compatibilities
to Ba in biotite show no correlation with Ba for the samples analyzed. If melting in the mantle
had occurred by way of fluids, B and Ba should display a positive correlation, and Ba should
correlate with Zr, as it is also an incompatible element. This relationship is not observed in the
intermediate arc. One possible scenario which would decrease Ba while increasing Zr involves
the addition of an ocean island basalt (OIB) component. This OIB component would have high
Zr (280) and low Ba (350 ppm), as described by Sun and McDonough (1989). The addition of
this component could effectively the increase the Zr concentration while lowering the Ba
concentration, creating the trend observed in the intermediate arc (Fig. 5-6 and Fig. 5-7).
Regardless of the processes or subduction components responsible for the observed
geochemical variations, it is clear an addition of marine sediment has affected lavas in in the
LAIA. This is most evident in the B content of intermediate arc rocks, which show elevated
concentrations of B. These high B concentrations also point to the presence of fluids during
magma genesis. As compared to the intermediate arc, the lack of significant differences between
the old and recent arc is most likely due to the fact that subduction dynamics had resumed in a
similar fashion to the setting observed during the old arc. Further analysis of rare earth elements
(REE) and isotopic composition must be done to confirm this hypothesis.
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CHAPTER 6:
CONCLUSION
The B content of island arc lavas carry with them meaningful information on the
processes and sources that took part in their genesis. This study sought to implement this idea to
address possible across-arc variations in the double arc portion of LAIA. New data on LAIA
samples, spanning all three building stages of the arc, was collected using a Na2CO3 flux fusion
procedure adapted from Ryan and Langmuir (1993) and analyzed on an ICP-OES coupled with
an ESI SC-FAST autosampler. In addition to this, an experimental resin procedure was also
tested; however, the results of this procedure were unsatisfactory. In total, the standard Na2CO3
flux fusion procedure yielded B data for 42 samples. This data was coupled with major and trace
element concentration data in order to help better interpret observed variations. In doing so this
study was able to recognize the following:
(1) There exist only subtle differences in the trace element, major element, and B content
between the old arc and the recent arc. B content for a majority of samples from the old
and recent arc remained below 10 ppm, while trace and major element composition were
overlapping. The lack of variation is most likely the result of similar subduction
dynamics present during each of the two arc building phase.
(2) The intermediate arc is chemically distinct from the old and recent arc. Rocks from
the intermediate arc possess elevated B content, which clearly indicates that dehydrated
fluids from the slab played a role in their magma genesis. It remains unclear whether the
presence of these fluids in the mantle source resulted in higher degrees of partial melting.
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Boron variation with other LILE and HFSE in the intermediate arc forms a general
mixing trend between MORB and a marine shale component in agreement with Smith et
al. (1997).
(3) Variation in subduction dynamics through time has resulted in the observed
variations in the geochemical composition of rocks from the LAIA. The intermediate arc
formed during a period of time when volcanic activity had shut off in a portion of the arc,
following the subduction of a buoyant sediment ridge. It is likely that the subducting
plate was physically altered during this time, resulting in a higher input of melt to
intermediate arc magma sources and a change in Ba systematics.
(4) B and Ba are decoupled from each other throughout all three building stages of the
arc, although during the intermediate arc Ba appears to become slightly more correlated
with B. The reasons from this remain unclear; however, for the data collected and
presented on this study, B does not behave similar to other LILE such as Ba and K.
(5) Rocks from the intermediate arc require the addition of a third, lower Ba and higher
Zr component.
Given these conclusions, future studies should consider examining the boron content of erupted
products from those Lesser Antilles islands south of Martinique. It is evident that a significant
shift in geochemical composition occurred during the intermediate arc; however, it is still unclear
whether this shift was confined to Martinique. Grenada, St. Lucia, St. Vincent, and the
Grenadines have also been continuously active since the old arc. Variations in boron content
similar to what is presented in this study, would indicate a difference in subducted component
throughout the southern portion of the LAIA during the intermediate arc period.
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TABLES
Table 2-1 Boron marine sediment composition and content from Ishikawa and Nakamura (1994)
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Table 3-1 Location and age of samples obtained from Nagle et al. (1976), Nagle (unpublished
data), Germa (2008) and Germa et al. (2011a).
Sample
Island
ID
Recent Arc (< 5 Ma)

Latitude

Longitude

Age
(Ma)

–

–

0.1

–

–

–

5.4

–

–

0.5

–

–

–

–

Locality

Near Lamothe River

Reference

Nagle,
(unpub.)
Nagle,
(unpub.)
Nagle,
(unpub.)

D143

Dominica

D171

Dominica

E294

St. Eustatius

E313

St. Eustatius

Southeast flank of the
Quill
Ft. De Windt

E300

St. Eustatius

Boven Ridge

–

–

–

–

G179

Guadeloupe

–

–

–

–

G197

Guadeloupe

Beau-Soleil, BasseTerre
Basse-Terre

–

–

–

–

G200

Guadeloupe

–

–

–

–

K266

St. Kitts

Mourne Bucanier,
Basse-Terre
up trail to Mt. Misery

–

–

–

–

K271

St. Kitts

Belle Vue Estate

–

–

–

–

K293

St. Kitts

Timothy’s Hill

–

–

2.0

M117

Martinique

14º39’08”N

-61º08’48”W

2.1 ± 0.1

M122

Martinique

E flank of Morne de
Cap
W flank of Piton Conil

Nagle,
(unpub.)
Nagle et al.,
(1976)

14º50’09”N

-61º13’24”W

0.6 ± 0.1

Nagle et al.,
(1976)

M233

Montserrat

–

–

–

–

M240

Montserrat

North of Gerald’s
Village
Near Fogarty

–

–

–

–

M241

Montserrat

–

–

–

–

M246

Montserrat

East Flank of
Soufrière Hills
Galway’s Soufrière

–

–

–

–

N278

Nevis

Butler’s Mountain

–

–

–

–

N282

Nevis

Saddle Hill

–

–

–

–

S318

Saba

Bunker Hill

–

–

–

–

S338

Saba

–

–

–

–

–

Germa et
al., (2011a)
Germa et
al., (2011a)
Germa et
al., (2011a)
Nagle et al.,
(1976)
Nagle et al.,
(1976)
Nagle et al.,
(1976)

Intermediate Arc (20 – 6 Ma)
06MT60

Martinique

Morne Pavillon

14.50094

-61.01733

8.8 ± 0.1

06MT69

Martinique

Vauclin-Pitault

14.55747

-60.88460

10.8 ± 0.2

06MT72

Martinique

Pointe Vatable

14.53942

-61.02239

7.1 ± 0.1

M129

Martinique

14º32’21”N

60º53’49”W

12.5 ± 0.3

M131

Martinique

SW flank of Montagne
de Vauclin Flow
Quarry in Le Vauclin

14º31’06”N

60º50’50”W

14.5 ± 0.3

M135

Martinique

North of St. Luce

14º29’52”N

60º55’23”W

14.5 ± 0.2
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Table 3-1 (continued)
Sample
Island
ID
Old Arc (> 20 Ma)

Locality

Latitude

Longitude

Age
(Ma)

Reference

A215

Antigua

Fullerton Point

–

–

–

–

A216

Antigua

Fullerton Point

–

–

–

–

A218

Antigua

Table Mountain

17º03’32”N

61º50’27”W

38.5 ± 2

Nagle et al.,
(1976)

A377

Anguilla

–

–

–

–

A378

Anguilla

–

–

–

–

B361

St. Barthélemy

Pelican Point north
side of Crocus Bay
Near Gustavia

–

–

–

–

B367

St. Barthélemy

Anse de Grand Fond

–

–

–

–

B373

St. Barthélemy

–

–

–

–

G446

Guadeloupe

South of Anse de
Marigot
Grande-Terre

16º17’18”N

61º30’24”W

10.8 ± 2

06MT54

Martinique

Pointe à Chaux

14º44’21”N

60º54’34”W

20.7

07MT82

Martinique

Mondésir

14º27’02”N

60º51’46”W

25.5± 0.4

07MT114

Martinique

Pointe Caracoli

14º45’39”N

60º52’24”W

20.8± 0.4

Nagle et al.,
(1976)
Germa,
(2008)
Germa et
al., (2011a)
Germa et
al., (2011a)

X339

St. Martin

18º01’46”N

63º04’20”W

–

X381

St. Martin

Baie de Cul de Sac

18º06’29”N

63º01’49”W

38.0 ± 3

X388

St. Martin

NE of Marigot

18º05’07”N

63º04’48”W

25.5 ± 4

–

–

Nagle et al.,
(1976)
Nagle et al.,
(1976)
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Table 3-2 High Temperature LOI Measurements
Sample
ID
Recent Arc

Crucible
weight (g)

Sample
Wt. (g)

Sample + Cruc. Wt. @
975°C (g)

Total Wt. Loss
(g)

LOI
(%)

D143

17.7136

2.0007

19.6831

0.0312

1.5590

D171

19.0557

2.0015

21.0180

0.0392

1.9590

E294

18.8468

2.0003

20.8433

0.0038

0.1900

E313

22.8354

2.0022

24.8338

0.0038

0.1900

E300

19.2162

2.0015

21.1868

0.0309

1.5440

G179

23.7800

2.0051

25.7732

0.0119

0.5930

G197

18.2798

2.0018

20.2744

0.0072

0.3600

G200

27.1515

2.0003

29.1403

0.0115

0.5750

K266

23.6145

2.0001

25.6158

-0.0012

-0.0600

K271

21.3816

2.0005

23.3675

0.0146

0.7300

K293

19.2158

2.0004

21.1898

0.0264

1.3200

M117

–

–

–

–

–

M122

–

–

–

–

–

M233

21.6278

2.0014

23.598

0.0312

1.5590

M240

21.3822

2.0008

23.3531

0.0299

1.4940

M241

22.079

2.0026

24.0745

0.0071

0.3550

M246

17.0749

2.0000

19.0069

0.068

3.4000

N278

17.8355

2.0027

19.7946

0.0436

2.1770

N282

23.6158

2.0005

25.5991

0.0172

0.8600

S318

19.2425

2.0026

21.2422

0.0029

0.1450

S338

26.0820

2.0015

28.0726

0.0109

0.5450

Intermediate Arc
06MT60

–

–

–

–

1.2900

06MT69

–

–

–

–

1.9500

06MT72

–

–

–

–

3.8000

M129

–

–

–

–

–

M131

–

–

–

–

–

M135

–

–

–

–

–

A215

27.1512

2.0009

29.0978

0.0543

2.714

A216

21.3798

2.0001

23.3265

0.0534

2.670

A218

20.5476

2.0008

22.5107

0.0377

1.8840

Old Arc
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Table 3-2 (continued)
Sample
ID
Old Arc
A377

Crucible
weight (g)

Sample
Wt. (g)

Sample + Cruc. Wt. @
975°C (g)

Total Wt. Loss
(g)

LOI
(%)

17.8333

2.0000

19.8315

0.0018

0.0900

A378

23.7782

2.0001

25.7337

0.0446

2.2300

B361

17.7127

2.0000

19.6359

0.0768

3.8400

B367

19.2399

2.0000

21.1639

0.076

3.8000

B373

2.0016

2.0016

23.6049

0.0236

1.1790

G446

24.3643

2.0039

26.3386

0.0296

1.4770

06MT54

–

–

–

–

1.2300

07MT82

–

–

–

–

1.7000

07MT114

–

–

–

–

1.1500

X339

17.0745

2.0008

19.0588

0.0165

0.8250

X381

26.1197

2.0010

28.075

0.0457

2.2840

X388

17.9674

2.0023

19.9237

0.046

2.2970
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Table 3-3 ICP-OES coupled with ESI SC-FAST autosampler settings

Gas Flow
Plasma
Nebulizer
Auxiliary

Flow Rate (L/min)
10.0
0.7
0.4

Peristaltic Pump Parameters
Sample Flow Rate

Pump Rate (ml/min)
1.5

Analysis
Delay
Probe in sample

Time (s)
20.0
8.0

Replicates

3.0

Autosampler Wash
Rate
Normal Time

2.0 ml/min
30.0 sec
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Table 4-1 Major Element Concentrations
Sample
ID

Island

Comment*

SiO2†
(%)

TiO2†
(%)

Al2O3†
(%)

Fe2O3†
(%)

MnO†
(%)

MgO†
(%)

CaO†
(%)

Na2O†
(%)

K2O†
(%)

P2O5†
(%)

A215

Antigua

OA

62.65

0.71

16.74

5.77

0.17

2.53

5.25

4.96

1.19

0.04

A216

Antigua

OA

63.22

0.64

16.23

6.48

0.15

2.41

4.95

4.90

0.91

0.11

A218

Antigua

OA

56.05

1.11

16.57

9.53

0.24

3.78

8.72

3.21

0.76

0.02

A377

Anguilla

OA

61.86

0.56

16.99

6.63

0.15

2.49

6.43

3.46

1.41

0.01

A378

Anguilla

OA

59.60

1.25

19.39

5.60

0.05

1.33

1.47

8.22

2.66

0.43

B361

St. Barthélemy

OA

65.17

0.53

16.60

5.36

0.14

2.56

3.97

4.20

1.44

0.03

B367

St. Barthélemy

OA

53.81

1.04

20.49

8.83

0.17

2.86

8.26

3.22

1.12

0.20
0.01

B373

St. Barthélemy

OA

54.10

1.10

20.54

8.19

0.18

2.85

9.79

2.76

0.48

D143

Dominica

RA

61.80

0.64

18.73

5.72

0.15

2.75

6.47

2.67

1.02

0.06

D171

Dominica

RA

53.34

0.83

20.01

7.48

0.17

4.89

9.49

2.94

0.91

-0.05

E-294

St. Eustatius

RA

58.98

0.80

17.98

4.96

0.21

4.13

9.48

2.91

0.55

0.02

E300

St. Eustatius

RA

59.27

1.06

18.88

7.07

0.14

3.14

6.55

3.05

0.80

0.05

E313

St. Eustatius

RA

57.01

0.82

18.90

6.32

0.17

3.25

9.86

3.28

0.60

-0.19

G179

Guadeloupe

RA

56.98

0.76

17.86

7.12

0.19

4.02

8.76

3.12

1.22

-0.04

G197

Guadeloupe

RA

54.80

0.78

18.70

7.36

0.19

4.60

10.01

2.80

0.76

0.00

G200

Guadeloupe

RA

49.27

1.05

21.34

8.81

0.21

3.78

12.11

2.94

0.50

0.00

G446

Guadeloupe

OA

53.26

1.24

19.33

8.51

0.19

2.88

10.30

3.60

0.65

0.04

K266

St. Kitts

RA

62.98

0.86

16.46

5.73

0.18

2.94

7.28

3.04

0.52

0.01

K271

St. Kitts

RA

54.76

1.01

21.42

7.45

0.20

3.69

8.06

2.93

0.37

0.13

K293

St. Kitts

RA

59.63

0.88

16.22

8.23

0.20

3.14

8.21

2.83

0.67

0.01

M233

Montserrat

RA

58.31

0.61

19.63

6.14

0.18

2.68

8.38

3.29

0.70

0.07

M240

Montserrat

RA

61.71

0.80

17.68

5.55

0.16

3.11

7.32

2.94

0.70

0.03

M241

Montserrat

RA

59.17

0.79

18.09

5.92

0.20

3.35

8.48

3.28

0.67

0.06

M246

Montserrat

RA

63.41

0.55

19.69

5.69

0.15

1.64

4.90

3.06

0.81

0.10

06MT60‡

Martinique

IA

60.60

0.63

16.50

6.8

0.12

2.75

6.29

2.69

1.90

0.12

06MT69‡

Martinique

IA

47.30

1.69

16.46

13.82

0.21

5.25

9.75

2.14

0.77

0.29

06MT72‡

Martinique

IA

67.35

0.47

16.60

2.40

0.02

0.60

3.90

2.67

1.98

0.06

M117

Martinique

RA

–

–

–

–

–

–

–

–

–

–

M122

Martinique

RA

–

–

–

–

–

–

–

–

–

–

M129

Martinique

IA

–

–

–

–

–

–

–

–

–

–

M131

Martinique

IA

–

–

–

–

–

–

–

–

–

–

M135

Martinique

IA

–

–

–

–

–

–

–

–

–

–

06MT54‡

Martinique

OA

53.30

0.76

17.80

8.61

0.20

4.76

9.27

2.75

0.86

0.10

07MT114‡

Martinique

OA

57.40

0.85

16.80

8.10

0.18

2.97

7.97

3.20

0.70

0.14

07MT82

Martinique

OA

52.90

0.83

19.60

8.10

0.19

2.38

9.98

3.19

0.43

0.13

N278

Nevis

RA

61.70

0.60

18.56

5.14

0.16

2.22

6.51

3.53

1.53

0.06

N282

Nevis

RA

55.67

0.63

19.41

6.46

0.17

4.80

9.17

2.65

0.80

0.23

S318

Saba

RA

59.14

0.63

18.10

4.90

0.15

3.48

8.56

3.70

1.23

0.11

‡

S338

Saba

RA

56.50

0.66

17.65

5.88

0.19

5.44

9.10

3.25

1.12

0.20

X339

St. Martin

OA

60.63

0.72

17.57

6.27

0.18

3.49

7.65

3.02

0.40

0.08

X381

St. Martin

OA

62.03

0.68

18.18

6.07

0.12

3.42

5.58

2.75

1.13

0.04

X388

St. Martin

OA

60.36

0.60

19.59

5.50

0.19

2.55

5.02

4.78

1.31

0.10

* Key: OA = Old Arc; IA = Intermediate Arc; RA = Recent Arc.
† Major element oxide data are normalized to 100%
‡
Collected by Labanieh et al. (2010, 2012)
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Table 4-2 Trace Element Concentrations
Sample
ID

Island

Comment*

Ba
(ppm)

Cu
(ppm)

Sc
(ppm)

Sr
(ppm)

V
(ppm)

Zn
(ppm)

Zr
(ppm)

A215
A216
A218
A377
A378
B361
B367
B373
D143
D171
E-294
E300
E313
G179
G197
G200
G446
K266
K271
K293
M233
M240
M241
M246
06MT60‡
06MT69‡
06MT72‡
M117§
M122§
M129§
M131§
M135§
06MT54‡
07MT114‡
07MT82‡
N278
N282
S318
S338

Antigua
Antigua
Antigua
Anguilla
Anguilla
St. Barthélemy
St. Barthélemy
St. Barthélemy
Dominica
Dominica
St. Eustatius
St. Eustatius
St. Eustatius
Guadeloupe
Guadeloupe
Guadeloupe
Guadeloupe
St. Kitts
St. Kitts
St. Kitts
Montserrat
Montserrat
Montserrat
Montserrat
Martinique
Martinique
Martinique
Martinique
Martinique
Martinique
Martinique
Martinique
Martinique
Martinique
Martinique
Nevis
Nevis
Saba
Saba

OA
OA
OA
OA
OA
OA
OA
OA
RA
RA
RA
RA
RA
RA
RA
RA
OA
RA
RA
RA
RA
RA
RA
RA
IA
IA
IA
RA
RA
IA
IA
IA
OA
OA
OA
RA
RA
RA
RA

211.72
–
153.79
–
930.69
349.46
84.08
103.80
191.22
167.38
108.51
181.92
172.60
121.68
115.40
81.03
70.19
128.26
95.83
327.35
220.81
164.31
237.01
296.78
348.00
193.00
610.00
271.49
143.02
195.93
238.02
314.04
202.00
214.00
125.00
352.55
318.79
357.17
–

18.93
-4.18
25.89
-3.50
82.92
-1.91
0.47
47.32
32.74
148.56
14.02
24.59
300.98
83.70
60.06
78.65
23.32
26.49
55.85
29.82
17.63
25.86
24.48
16.39
–
–
–
52.59
51.52
154.68
310.69
113.98
–
–
–
27.53
25.84
43.71
–

24.57
25.06
37.39
18.95
23.33
13.79
28.93
34.98
22.64
27.34
16.68
26.73
19.44
25.71
28.32
28.26
17.37
21.10
28.98
23.84
16.14
18.92
17.12
12.99
24.00
46.50
8.00
27.91
17.18
45.55
46.76
28.19
34.00
25.00
27.00
16.24
18.04
24.38
–

188.58
187.80
150.15
192.94
327.28
250.95
290.89
314.96
243.91
227.86
207.53
151.55
275.81
176.71
206.31
207.99
142.97
222.50
235.10
209.25
255.36
236.13
261.42
232.57
161.00
155.00
229.00
250.47
266.50
156.70
153.57
184.80
262.00
230.00
265.00
247.47
560.06
237.08
–

95.29
115.93
242.04
121.91
163.19
93.04
229.71
155.65
115.84
142.43
109.49
218.35
159.74
146.23
154.68
236.63
81.32
119.17
186.66
155.73
98.08
110.87
121.60
76.74
153.00
385.00
24.00
229.12
171.60
410.67
394.20
216.78
256.00
205.00
205.00
94.64
115.93
122.91
–

67.20
65.05
85.53
58.65
37.94
59.48
80.61
85.08
72.84
69.45
33.79
88.11
64.26
50.84
66.73
74.80
46.60
58.44
86.09
62.16
88.45
68.61
74.06
84.34
–
–
–
64.09
72.05
94.14
109.90
67.22
–
–
–
45.99
88.08
41.54
–

86.10
72.22
61.94
71.68
75.67
81.88
80.80
55.67
67.60
71.26
53.45
118.27
76.86
69.39
77.92
57.23
30.51
66.71
66.29
56.06
220.81
164.31
237.01
296.78
133.00
165.00
42.30
106.19
92.02
144.06
159.86
134.71
96.00
99.10
64.90
82.96
75.26
84.74
–
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Table 4-2 (continued)
Sample
ID
M246
X339
X381
X388

Island

Comment*

Montserrat
St. Martin
St. Martin
St. Martin

RA
OA
OA
OA

Ba
(ppm)
296.78
238.83

Cu
(ppm)
16.39
23.77

Sc
(ppm)
12.99
13.02

Sr
(ppm)
232.57
300.52

V
(ppm)
76.74
104.91

Zn
(ppm)
84.34
43.53

Zr
(ppm)
296.78
55.53

371.85
269.89

46.59
10.72

21.62
9.88

313.45
430.05

146.22
53.00

37.02
31.39

99.09
49.23

* Key: OA = Old Arc; IA = Intermediate Arc; RA = Recent Arc.
‡
Collected by Labanieh et al. (2010, 2012)
§
Collected by Atlas (2013, unpublished data)
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Table 4-3 Boron Concentrations. Rock classification for samples M117, M122, M129, M131,
and M135 taken from Nagle et al. (1976).
Sample ID

Island

Comment*

Type

B (ppm)

B/Zr

Ba/Zr

A215
A216
A218
A377

Antigua
Antigua
Antigua
Anguilla

OA
OA
OA
OA

Andesite
Dacite
Andesite
Andesite

7.56
8.33
9.47
10.88

0.09
0.12
0.15
0.15

2.46
-1.97
2.48
0.10

A378
B361
B367
B373
D143
D171
E-294
E300
E313

Anguilla
St. Barthélemy
St. Barthélemy
St. Barthélemy
Dominica
Dominica
St. Eustatius
St. Eustatius
St. Eustatius

OA
OA
OA
OA
RA
RA
RA
RA
RA

Andesite
Dacite
Basaltic Andesite
Basaltic Andesite
Andesite
Basaltic Andesite
Andesite
Andesite
Andesite

9.76
3.83
5.12
6.20
7.29
10.21
5.60
9.48
8.42

0.13
0.05
0.06
0.11
0.11
0.14
0.10
0.08
0.11

12.30
4.27
1.04
1.86
2.83
2.35
2.03
1.54
2.25

G179
G197
G200
G446
K266
K271
K293
M233
M240

Guadeloupe
Guadeloupe
Guadeloupe
Guadeloupe
St. Kitts
St. Kitts
St. Kitts
Montserrat
Montserrat

RA
RA
RA
OA
RA
RA
RA
RA
RA

Andesite
Basaltic Andesite
Basalt
Basaltic Andesite
Andesite
Basaltic Andesite
Andesite
Andesite
Andesite

9.42
9.91
5.72
11.92
10.06
8.32
5.89
8.26
3.93

0.14
0.13
0.10
0.39
0.15
0.13
0.11
0.08
0.04

1.75
1.48
1.42
2.30
1.92
1.45
5.84
2.14
1.87

M241
M246
06MT60
06MT69
06MT72
M117
M122
M129
M131
M135
06MT54
07MT114
07MT82
N278
N282
S318
S338
X339
X381
X388

Montserrat
Montserrat
Martinique
Martinique
Martinique
Martinique
Martinique
Martinique
Martinique
Martinique
Martinique
Martinique
Martinique
Nevis
Nevis
Saba
Saba
St. Martin
St. Martin
St. Martin

RA
RA
IA
IA
IA
RA
RA
IA
IA
IA
OA
OA
OA
RA
RA
RA
RA
OA
OA
OA

Andesite
Dacite
Andesite
Basalt
Dacite
Andesite‡
Andesite‡
Basalt‡
Basalt‡
Andesite‡
Basaltic Andesite
Andesite
Basaltic Andesite
Andesite
Basaltic Andesite
Andesite
Andesite
Andesite
Andesite
Andesite

6.04
7.92
73.80
15.06
15.64
32.13 §
3.72§
26.24 §
50.11 §
44.26 §
9.41
42.21
6.44
5.02
6.38
6.49
7.41
3.55
11.43
4.46

0.06
0.07
0.55
0.09
0.37
0.30
0.04
0.18
0.31
0.33
0.10
0.43
0.10
0.06
0.08
0.08
–
0.06
0.12
0.09

2.54
2.61
2.62
1.17
14.42
2.56
1.55
1.36
1.49
2.33
2.10
2.16
1.93
4.25
4.24
4.21
–
4.30
3.75
5.48

* Key: OA = Old Arc; IA = Intermediate Arc; RA = Recent Arc.
Rock classification taken from Nagle et al. (1976).
§
Collected by Atlas (2013, unpublished data)
‡
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FIGURES

Fig. 1-1 Map of the Caribbean and surrounding area.
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Fig. 1-2 Tectonic setting of the Lesser Antilles arc. The dark grey arrow indicates the rate of
convergence of the Atlantic plate under the Caribbean plate at a rate of 2 cm/yr (Minster and
Jordan, 1978). The violet dashed line locates the recent arc. The yellow dashed line locates the
old arc. The orange dashed lines locate aseismic sediment ridges. The black line with triangles
marks the location of the subduction trench. Ages for the subducting plate were taken from
Carpentier et al. (2008). The double arc feature can be seen north of Martinique where the old
arc and recent arc are not superimposed.
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Fig. 2-1 Motions of the Caribbean plate during the last 140 Myr (modified from Sykes et al.,
1982 and Bouysse, 1988). (A) Spreading of the Central Atlantic. (B) Termination of Atlantic
seaway opening and initiation of South Atlantic opening. The Mesozoic Caribbean Arc (MCA) is
highlighted in red. Arrows indicate the motion of plates. (C) Formation of the Grenada Basin.
The Isthmic Central American arc (ICA) is highlighted in purple, while the Grenada Basin is
highlighted in yellow. The cross-hatched, grey area defines an area of anomalous Caribbean
crust. (D) Collision of MCA with the Florida-Bahamas platform. The remnants of the ICA (now
Central America) are highlighted in purple. The remnants of the MCA are highlighted in red.
(E) Emplacement of Caribbean plate between North and South America. The Lesser Antilles is
highlighted in orange. (F) Current arrangement of Caribbean plate and formation of recent arc in
the Lesser Antilles.
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Fig. 2-2 Ridge subduction in the northern Lesser Antilles (modified from Bouysse and
Westercamp, 1990). (A) Early Eocene to mid Oligocene: Volcanic activity is concentrated in the
old arc (yellow), while the Aves Ridge (remnant arc) migrates westward due to the opening of
the Grenada Basin. (B) Mid Oligocene: Arrival of anomalous oceanic ridge (red) to subduction
front, fracturing of subducting slab. (C) Early Miocene: Initiation of new volcanic front as the
recent arc (pink) following hiatus in volcanic activity due to ridge subduction. (D) Late Neogene:
current subduction conditions with the subduction of a non-buoyant ridge.
59

Fig. 2-3 Taiwan-Luzon Island Arc double arc feature. The black arrow indicates the rate of
convergence of the Philippian plate over the South China Sea oceanic basin at a rate of 7.3 cm/yr
(Defant et al., 1989). The yellow dashed line locates the west volcanic zone. The pink dashed
line locates the east volcanic zone. The dark green line with triangles marks the location of the
subduction trench. The WVC was originally the active volcanic front in the TLIA; however,
activity halted for about 2-4 Ma, then resumed eastward, forming the EVC (Yang et al., 1996)
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Fig. 2-4 Average position of the Benioff zone beneath the Lesser Antilles (modified from Wadge
and Shepherd, 1984). The majority of volcanic centers younger than 2 Ma are confined to a 10
km-wide band defined by the two parallel, red curves. The shaded area defines the vertical
portion of the southern zone under the Venezuelan continental shelf.
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Fig. 2-5 F-M-A plot showing distinctions between the southern island of Grenada (alkalic) and
the rest of the arc (modified from Brown et al., 1977)
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Fig. 2-6 SiO2-K2O plot displaying along-arc variation in K2O within the Lesser Antilles
(modified from Macdonald et al., 2000). Southern islands are defined as the Grenadines and
Grenada. Central islands are defined as St. Vincent, Guadeloupe, Saba, Dominica, and St. Lucia.
Northern islands are defined as St. Kitts, St. Eustatius, Montserrat, and Nevis. Field boundaries
are from Tatsumi and Eggins (1955).
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Fig. 2-7 Major element compositions of Lesser Antilles rocks plotted against MgO (modified
from Macdonald et al., 2000).
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Fig. 2-8 Trace element compositions of Lesser Antilles rocks plotted against MgO (modified
from Macdonald et al., 2000).
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Fig. 2-9 Along-arc variation of Pb and Sr isotopic composition in Lesser Antilles volcanics
(average values per island taken from White and Dupré, 1986). 206Pb/204Pb values are shown in
red adjacent to their respective islands. 87Sr/86Sr values are shown in blue adjacent to their
respective islands.
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Fig. 2-10 Locations of DSDP/ODP/IODP sites in the Caribbean. Yellow boxes indicate site 144 and 543.
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Fig. 2-11 207Pb/204Pb, 208Pb/204Pb and 143Nd/144Nd vs. 206Pb/204Pb plots displaying samples from
ODP sites 543 and 144 and Barbados Island (modified from Carpentier et al., 2008). Data for
Site 543 and local surface sediments are from White et al. (1985). The field defining Amazon
tributaries is from Allègre et al. (1996). The GLOSS estimate and the average compositions of
sedimentary piles in other major subduction zones (Pacific Ring of Fire, Sandwich in Atlantic
Ocean, Java and Sunda in Indian ocean) is taken from Plank and Langmuir (1998). Data
published by Abouchami and Zabel (2003) for Ceara Rise surface sediments (Western Atlantic)
and by Ben Othman et al. (1989) for North Atlantic surface sediments defines other Atlantic
sediments.
68

Fig. 2-12 Lesser Antilles 87Sr/86Sr vs. Ba/Th-Ta/Zr (modified from Turner et al., 1996). LAIA
trench sediments taken from Plank and Langmuir (1998).
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Fig. 2-13 Lesser Antilles Ta/Zr vs. Yb (modified from Turner et al., 1996). LAIA trench
sediments taken from Plank and Langmuir (1998).
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Fig. 2-14 Martinique lavas δ 11 B vs. Nd-Sr isotopic composition (modified from Smith et al.,
1997). The B isotopic composition of the mantle reflects the range in δ 11 B reported by
Chaussidon and Marty, 1995; Ishikawa and Nakamura, 1994; Spivack and Edmond, 1987.
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Fig. 3-1 Boron Na2CO3 flux procedure adapted from Ryan and Langmuir (1993). (A) Hardened
fusion cake from heated sample + Na2CO3 flux (B) Jar containing insoluble material from fusion
cake in B-free H2O. (C) Centrifuged solutions with insoluble material at the bottom of the tube
separated from supernate solution to be collected. (D) Jar containing only the collected supernate
solution. (E) Jar containing completely dried down solution. (F) Final solutions in centrifuge
tubes, where the white cloudy substance at the bottom of the tube is silica gel. Note that the
amount of gel that precipitates varies between samples.
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Fig. 3-2 Spectra analyte analysis of a sample run showing that boron at wavelength 249.667 nm
produces a cleaner peak. (A) Spectra of boron at wavelength 249.667 nm (red line). (B) Spectra
of boron at wavelength 249.772 nm (red line).
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Fig. 3-3 Spectra analyte analysis of several samples from Nevis, Dominica, St. Eustatius,
Antigua, and Montserrat, highlighting inference in the boron 249.772 nm wavelength from
aluminum. Neighboring peaks have also been labeled. (A) Spectra of boron at wavelength
249.667 nm. (B) Spectra of boron at wavelength 249.772 nm.
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Fig. 4-1 SiO2 vs. K2O rock classification diagram from Ewart (1982) with plotted samples. Symbols in purple denote old arc samples.
Symbols in green denote recent arc samples, while symbols in black denote intermediate arc samples.
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Fig. 4-2 Harker diagram displaying old arc and intermediate arc samples.
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Fig. 4-3 Harker diagram displaying recent arc and intermediate arc samples.
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Fig. 4-4 Sc vs. V displaying old arc, intermediate arc, and recent arc samples.
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Fig. 4-5 K2O vs. Ba displaying old arc, intermediate arc, and recent arc samples.
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Fig. 4-6 B vs. Sc-V-Sr-Zr-B-Zn displaying old arc, intermediate arc, and recent arc samples.
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Fig. 4-7 B vs. major element oxides displaying old arc and intermediate arc samples.
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Fig. 4-8 B vs. major element oxides displaying recent arc and intermediate arc samples.
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Fig. 4-9 B vs. latitude displaying old arc and intermediate arc samples.
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Fig. 4-10 B vs. latitude displaying recent arc and intermediate arc samples.
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Fig. 4-11 B/Zr vs. MgO-TiO2-SiO2 displaying old arc and intermediate arc samples.
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Fig. 4-12 B/Zr vs. MgO-TiO2-SiO2 displaying recent arc and intermediate arc samples.
86

Fig. 4-13 B/Ba vs. MgO-TiO2-SiO2 displaying old arc and intermediate arc samples.
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Fig. 4-14 B/Ba vs. MgO-TiO2-SiO2 displaying recent arc and intermediate arc samples.
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Fig. 4-15 B/Ba vs. B/Zr displaying old arc, intermediate arc, and recent arc samples. (A) old arc
and intermediate arc samples (B) recent arc and intermediate arc samples.
89

Fig. 5-1 B vs. Ba displaying possible sedimentary source inputs. Plotted sources include pelagic
clay from Turekian and Wedepohl (1961), Amazon River particulates from Martin and Maybeck
(1979), marine shale from Turekian and Wedepohl (1961), and NMORB from Sun and
McDonough (1989)
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Fig. 5-2 B vs. Zr displaying possible sedimentary source inputs. Plotted sources include pelagic
clay from Turekian and Wedepohl (1961), marine shale from Turekian and Wedepohl (1961),
and NMORB from Sun and McDonough (1989).
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Fig. 5-3 TiO2 vs. Ba displaying possible sedimentary source inputs. Plotted sources include
pelagic clay from Turekian and Wedepohl (1961), Amazon River particulates from Martin and
Maybeck (1979), marine shale from Turekian and Wedepohl (1961), and NMORB from Sun and
McDonough (1989).
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Fig. 5-4 Zr vs. Ba displaying possible sedimentary source inputs. Plotted sources include pelagic
clay from Turekian and Wedepohl (1961), marine shale from Turekian and Wedepohl (1961),
and NMORB from Sun and McDonough (1989).
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Fig. 5-5 Ba/TiO2 vs. B/Zr displaying possible sedimentary source inputs. Plotted sources include
pelagic clay from Turekian and Wedepohl (1961), marine shale from Turekian and Wedepohl
(1961), and Primitive Mantle from Sun and McDonough (1989).

94

Fig. 5-6 Zr vs. Ba displaying old arc and intermediate arc samples.

95

Fig. 5-7 Zr vs. Ba displaying recent arc and intermediate arc samples.
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APPENDICES:
EXPERIMENTAL BORON RESIN PROCEDURE

108

Appendix A/1: Procedure Description
For this experimental B-method, based off of the K2CO3 digestion and column separation
procedures of Tonarini et al. (1997), borate specific AmberliteTM resin is mixed into the
resuspended supernate and then filtered off. Steps 1 through 8 remain the same as the Na2CO3
flux fusion procedure, while the rest of the procedure is as follows:
9. Resuspend dried supernates in 20 ml of B-free H2O. Allow the solution to sit overnight
in order to completely precipitate SiO2.
10. Transfer solutions from their jars into centrifuge tubes and centrifuge them to separate
the solution from SiO2 gel. Pour the supernates into a new centrifuge tube.
11. Check the pH of supernate solution to ensure that it is above 10. If it is not, add
NH4OH dropwise until the pH is above 10.
12. Add 0.5 ml of cleaned B-specific AmberliteTM resin to the solution. Vortex the tube to
agitate the resin-solution mixture and allow it to sit and equilibrate for at least a 3-4
hours.
13. Wet filter paper with B-free water at a pH >10 and place it in a funnel, then place that
funnel over a centrifuge tube. Whatman 90 mm diameter qualitative filter paper circles
were used in this procedure.
14. Pour solution-resin mixture over filter paper to collect the resin. Do not let any resin
beads get past the filter.
15. Save the filtered, resin-free solution to analyze. It should NOT contain boron.
16. Transfer funnel-filter setup containing the resin to a new sample tube.
17. Measure out 25 ml of 2% Nitric Acid in B-free water, weigh and record this mass.
This measurement can be used in calculating the dilution factor, which is the total sample
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weight divided by the total solution weight. In this case the total weight of the final
solution containing all B is the weight of 25 ml of 2% Nitric Acid in B-free water, as this
is the amount of solution involved in extracting B from the resin.
18. From this point on collect all solution that passes the filter. Pipette ~1 ml of the 2%
Nitric Acid solution onto the filter paper to completely wet it.
19. Carefully pipette the remaining of 2% Nitric Acid solution over resin. Use 2 ml at the
end to rinse any adherent droplets of solution off of the filter funnel. All the boron should
be in this collected solution.
From this procedure, two solutions per sample are obtained. The first solution (Steps 14 and 15)
should not contain any boron, as all the boron should have adsorbed onto the resin. The second
solution (Steps 18 and 19) should contain all the boron present from the sample. Both solutions
should be analyzed to ensure that the resin has worked, and no boron was left in the first
solution. Problems during this procedure may arise if the pH of the original solution is below 10,
making the resin ineffective; therefore, it is important to continually monitor the pH of each
sample solution.
Appendix B/2: Experimental Resin Procedure Results
Table B/2-1 and Table B/2-2, shown below, lists the results of the experimental resin
procedure. During this process, only standards (W-2, BHVO-1, JB-3, and AGV-2) were
analyzed in order to confirm accuracy. Unfortunately, this procedure did not produce usable
results, but is described here nevertheless in order for future experimental work to build on our
results (or lack thereof). The purpose of the experimental resin procedure was to isolate B in the
analyzed solution, separating it from the sample matrix via borate specific AmberliteTM resin.
This study found that the resin did not effectively remove B from the sample solution. Therefore,
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all B from the sample was not completely sequestered to the final solution collected from the
resin. The data gathered from this procedure indicate that the concentration of B in the solution
separated from the resin is ca. 4 to 21 times higher than that of the solution collected from the
resin (Table B/2-2); moreover, the solution separated from the resin produces a higher net
average intensity (Table B/2-1 and Table B/2-2). This is baffling as the solution separated from
the resin should not contain any boron. In an attempt to resolve this problem, the resin procedure
was performed twice. Each time the pH of all solutions was raised ( > 11 the first time and then >
12 ); however, this did not improve the results. The inconsistencies in B concentration may arise
from missteps in preparing the solution for the resin or in cleaning the resin. In addition to pH,
there may be other factors that affect the efficiency of the resin in the solution, such as the type
of flux used during fusion. The procedure by Tonarini et al. (1997) employs K2CO3 as the
fluxing agent. In this experimental procedure, Na2CO3 is used as the fluxing agent. The
difference in flux may affect the adsorption of boron onto the resin, regardless of pH.
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Table B/2-1 Experimental resin procedure results for solutions above a pH of 10. Sample ID’s
ending in X indicate those extraneous solutions not collected from the resin but separated from it.
Known concentrations were taken from GeoReM: A New Geochemical Database for Reference
and Isotopic Standards (http://georem.mpch‐mainz.gwdg.de).
B Concentration
(ppm)

Known B
Concertation (ppm)

JR-2
57473.29
BHVO-1
6584.60
JB-3
12489.73
RGM-1
15306.05
B-free H2O Solutions Separated from Resin

169.19
–
–
–

145
2.5
18
28

JR-2-X
BHVO-1-X
JB-3-X
RGM-1-X

175.96
52.42
274.78
356.96

–
–
–
–

Sample ID

Average Net Intensity
(cps)

2% Nitric Acid Solution Collected from Resin

41364.66
14612.42
58778.05
107581.37

Table B/2-2 Experimental resin procedure results for solutions above a pH of 11. Sample ID’s
ending in X indicate those extraneous solutions not collected from the resin but separated from it.
Known concentrations were taken from GeoReM: A New Geochemical Database for Reference
and Isotopic Standards (http://georem.mpch‐mainz.gwdg.de).
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